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EXECUTIVE SUMMARY
The current study investigates the deterioration of a 100 year old bridge located in a harsh
marine environment. Constructed in 1908 - 1909 the Mizen Head Footbridge was one of
the oldest reinforced concrete bridges in Ireland.

The demolition of the bridge in 2009

provided a unique opportunity to examine its service life and to extract samples for analysis
and investigation. A review of the construction of the bridge, and its maintenance history are
presented, with a view to analysing their influence on the behaviour of the concrete.

Reinforcement corrosion due to chloride attack was identified. A focused study indicates
that chloride contaminated constituents may have been used in the concrete mix.
The study also includes details of anaerobic corrosion of reinforcement observed in the
Mizen Head Footbridge. A review of anaerobic corrosion of reinforcement in concrete is
presented, outlining black rust formation, characteristics and detection methods.
This research may provide valuable advice and guidance for the asset management of
similar structures.
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1.

INTRODUCTION

The aim of this study was to investigate the deterioration of a 100 year old bridge in a harsh
marine environment. The Mizen Head Footbridge (Mizen Bridge) in County Cork, Ireland is
a reinforced concrete through-arch structure spanning 50 m (Figures 1.1 and 1.2).

The

original structure constructed in 1908-1909 was one of the oldest reinforced concrete
bridges in Ireland.

After 100 years of service the bridge was demolished and a replica

bridge was constructed in its place in 2009/2010. The demolition of the bridge provided a
unique opportunity to examine its service life and to extract concrete samples for analysis
and investigation.

The objectives were to:
1.
2.

Review the design, construction, service life and maintenance of the bridge;
Carry out appropriate sampling, testing and analysis to assess the bridge
performance over its lifespan;

3.

Provide advice and guidance for the management of similar structures.

The research investigates the history, bridge construction and concrete practice at the time
of construction and its influence on the behaviour of the bridge. The maintenance regime
carried out on the bridge is investigated.

A literature review on chloride deterioration of

structural concrete is presented and previous concrete testing by others is examined.

A

suite of concrete tests was carried out on the bridge, which was followed by testing that
focused on the study of chlorides in the bridge. Three peer reviewed papers have been
published from the research: Anaerobic Corrosion of Reinforcement, Reinforced concrete
deterioration of a 100 year old structure in a marine environment and The design and
construction of the New Mizen Head Footbridge, Ireland.

The papers are included in

Appendix A of this thesis [3], [4], [5].
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Figure 1.1 - Mizen Bridge location [1]

Figure 1.2 - View of Mizen Head [2]

1.1

BACKGROUND AND HISTORY

Mizen Head and Cloghan Island are located on the south-west coast of Ireland. Following a
series of shipwrecks in the area at the turn of the 20th century (such as the wreck of the
Oswerty shown in Figure 1.3) the United Kingdom Board of Trade gave sanction to the
Commissioners of Irish Lights in 1905 for a lighthouse and fog signal station to be erected at
Cloghan Island. Subsequently at a lighthouse conference in 1906, it was agreed that only a
fog signal station was necessary and that the new station would be put in the care of the
Principal Keeper of the nearby Fastnet Lighthouse.

The requirement to gain access to

Cloghan Island from the mainland meant it was necessary to construct the original Mizen
Bridge to span 50 m across the sea gorge at an elevation of 47 m above sea level [6], [7],
[8].

Figure 1.3 - The shipwreck Oswerty aX Mizen Head on 12th March 1899 [9]

1.2

EARLY REINFORCED CONCRETE

In the context of the performance of the bridge it is useful to examine the use and knowledge
of concrete at the time of its construction. In 1824, Joseph Aspdin, a stone mason, patented
Portland cement. It was a mixture primarily of calcium and silica, with some alumina, mixed
and subjected to a high temperature. Portland cement in Ireland was first used as a building
material circa 1850. A native Irish cement industry commenced in the 1880’s. In 1881, the
first Irish Portland cement was manufactured by Coopers in Drinagh, County Wexford,
followed by the Irish Portland Cement and Brick Company of Dublin in 1888 [10].

In 1900, 24 UK cement companies were amalgamated to form The Associated Portland
Cement Manufacturers Ltd., and the first British standard for cement (BS 12) was published
in 1904 [11], [12].
The use of reinforced concrete spread across Europe during the 1880’s through, in some
measure, the development of patented concrete systems.

Forty three of these systems

were listed in 1904 [14]. The rationale for the systems was that concrete reinforced with
metal was an important new building medium that had been shown to work. However, a
theoretical understanding of reinforced concrete was lacking as there were no guidance
documents or official regulations controlling its use.

Throughout this period specialist

technicians and entrepreneurs in both Europe and America developed reinforced concrete
systems, many of which held patents, for use in structural elements [11].
The reinforced concrete construction of the Mizen Bridge was an example of the use of one
of these patented systems, namely the R/d/ey-Camme/concrete system, which consisted of
corrugated dovetail sheeting that was shaped for use in concrete works [13].

In the early 1900’s some of the first published texts on reinforced concrete began to appear
[14], [15]. The “Standard Specification for Structural Steel for Bridges and General Building
Construction” was published by The British Engineering Standards Committee on Structural
Steel in 1906 [16].

In 1907 The Royal Institute of British Architects Joint Committee

published what was effectively the first code of practice for reinforced concrete [17].

In 1906, Edwin Sachs first published the periodical journal: “Concrete and Constructional
Engineering,” which continued to be published up to 1966. The inaugural meeting of The
Concrete Institute was held in 1908 with Sachs as its chairman. Its members consisted of
architects, engineers and contractors and published its first transactions in 1909. In 1923,
The Concrete Institute changed its name to become the Institution of Structural Engineers
[11].

In 1902, a reinforced concrete bridge was constructed over the Golbarda River in Spain
(Figures 1.4 and 1.5).

This bridge was constructed using the Ribera system and

incorporated elements similar to the Mizen Bridge in the form of column trestles and wind
bracing, supported by an arch rib of 100 ft (30.5 m) span [15].

Figure 1.4 - Bridge over the Golbarda River in Spain, 1902 [15]
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Figure 1.5 - Section details of the Ribera system used in the bridge over the Golbarda
River [18]

There are few examples of reinforced concrete bridges in Ireland built before the Mizen
Bridge. One such bridge from the 1890’s exists in the grounds of Barrowmount House near
Goresbridge in County Kilkenny (Figure 1.6). The bridge has a 12 ft (3.66 m) span and may
have used the Mon/er system, which consisted of steel rods crossing at right angles and tied
together at their intersections with annealed wires as shown in Figure 1.7 [14], [19].
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Figure 1.6 - Early reinforced concrete bridge at Barrowmount House [19]
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9
Figure 1.7 - The /l/fon/er system [14]

Another example is that of a single span reinforced concrete bridge constructed during the
1890’s along the Dingle Railway near the Glenagalt platform (Figure 1.8) [20].

Figure 1.8 - 1890’s reinforced concrete bridge, Glenagait, Dingle [20]

1.3

HISTORICAL INFORMATION

A literature review was undertaken to examine documents relating to the Mizen Bridge.
Historical information on the bridge was obtained from a number of sources as follows;-

•

The archives held by the Commissioners of Irish Lights, containing information and
details on the “design competition” drawings, construction drawings and specification.

•

The Institution of Structural Engineers, Engineers Ireland, The National Library of
Ireland and published engineering literature of the time.

•

Published studies, by University College Dublin, J.F. O’Halloran Consulting Engineer
and RPS Consulting Engineers.

1.4

DESIGN COMPETITION

In 1907 the Commissioners of Irish Lights set up a competitive tendering process for the
design of a bridge at Mizen Head.

The tender requirements called for either a steel or

reinforced concrete bridge. Perhaps significantly the tender document stated that local rock
“of a somewhat slaty nature” would be supplied by the Commissioners, in crushed form, for
the bridge concrete [6], [21].

It is known that six bridge solutions were considered by the Commissioners of Irish Lights, of
which four were steel options, and two were of patented reinforced concrete systems.
These were:-

A steel truss design consisting of a pair of 86 ft (26.2 m) span braced trusses, with a
central supporting pier (Figure 1.9);
A 170 ft (52 m) steel suspension bridge by Alexander Findlay & Co. Ltd. (Figure 1.10);
A 190 ft (58 m) steel suspension design by David Rowel Co. (Figure 1.11);
A 180 ft (55 m) steel suspension bridge (Figure 1.12);
A deck arch of 160 ft (49 m) span by Mouchel (Figure 1.13);
A reinforced concrete through-arch of 160 ft (49 m) by Noel Ridley (Figure 1.14).
The design competition was lead by Mr C. W. Scott, Engineer to the Commissioners. The
chosen reinforced concrete bridge by Ridley was preferred to the initially more economical
steel options and the arch by Mouchel. It was considered that the maintenance of the steel
options would be too costly in an exposed marine environment. It is not known why Ridley’s
design was selected over that by Mouchel. On 18*^ October 1907, sanction was given by the
Commissioners for the erection of the reinforced concrete bridge [6], [21].
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Figure 1.9 - A steel truss design consisting of a pair of 86 ft span braced trusses, with
a central supporting pier [21]
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Figure 1.10 - A 170 ft steel suspension bridge by Alexander Findlay & Co. Ltd [21]
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Figure 1.11 - A 190 ft steel suspension design by David Rowel Co. [21]
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Figure 1.12 - A 180 ft steel suspension bridge [21]
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Figure 1.13 - A deck arch of 160 ft span by Mouchel, using the patented Hennebique
ferro concrete system [21]

Figure 1.14 - The selected bridge:- A reinforced concrete through-arch of 160 ft by
Noel Ridley [21]
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1.5

MATERIALS, DESIGN, CONSTRUCTION AND SERVICE LIFE OF THE
MiZEN BRIDGE

The contract for the construction of the bridge was signed in 1908, with a completion time of
seven months. The bridge designer was Noel Ridley of Westminster and the Contractor was
Alfred Thorne of Westminster.

The original contract price was £1,272 (equivalent to

€133,000 in 2013 using Bank of England currency conversion rates) with a penalty of £5
(€523 in 2013) per week for late completion. The patented Ridley-Cammel system was used
in the design and construction of the bridge [6], [21].

1.5.1

Materials and Design

Details of the design concrete mixes are shown in Table 1.1.

Part of the original

specification for the bridge, dated 16*^ July 1908, is shown in Figure 1.15, which is an extract
from the contract document.

A concrete mix for the abutments was indicated on

construction drawing No. 10, dated 3^^ July 1909 (Figure 1.16) [21].
Table 1.1 - Details of concrete mixes used in the Mizen Bridge [21]
Element
Reinforced Concrete
Work
Rendering
Foundations

Foundation Wall
Foundation Base

Written Specification
1:1.5:3 (Best Portland Cement: Clean
Sand : Broken Stone to pass a %”
mesh)
1:2.5 (Portland Cement: Clean Sand)
1:2:6 (Cement: Sand : Broken Stone
obtained from excavations, sufficient
sand being used to fill the interstices)
-

Drawing No. 10
-

1:2:6
1:2:4
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dncrete.

11.

Ihe Concrete for the reinforced work is to be one part

of best Portland Cement
broken stone to pass a

parts clean sand and 5 parts of
mesh, which is suitable for the

low safe maximum pressure allowed, viss, 452 lbs. per square
inch.
The Rendering to be 1 part Portland Cement to

2^

of Clean Sand.

The Concrete for Foundations is 1 of cement, 2 of sand and
6 of broken stone obtained from the excavations, sufficient

-nie
sand being used to fill us interstices.

Figure 1.15 - Extract from Mizen Bridge 1908 bridge specification [21]
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Figure 1.16 - Extract from construction drawing No. 10 showing concrete mix details
for abutment and foundation [21]
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1.5.1.1

Concrete M/x

The requirements for concrete stated by the Commissioners of Irish Lights were:-

the strength to be allowed for the concrete in the final calculations is to be
ascertained from the average crushing strength of not less than 12 eight inch (204
mm) cubes at 30 days after making, composed of the actual proportions of cement,
sand and stone to be used in the structure and broken by an approved tester of
materials at the Contractor’s expense”[21].

The Royal Institute of British Architects Joint Committee stated that in all cases of use
proportions of cement, sand and aggregate should be separately specified by volume [17],
Common practice at the time was to determine the percentage voids in the sand and
aggregate, and to then calculate the amount of cement required to take up the voids in the
sand to form a mortar, and subsequently to calculate the amount of cement mortar required
to take up the voids in the aggregate [14], [22].
It can be seen from Table 1.1 that a concrete mix of 1:1.5:3 (cement: sand : aggregate) was
specified for the reinforced concrete work. This mix was deemed by the designer as suitable
for a safe working pressure of 452 pounds per square inch (3.12 N/mm^) on the Mizen
Bridge described as follows:“The total wind pressure on the bridge is estimated as 27 tons, which gives a
maximum pressure on the arch rib of 30.25 tons. This represents a total pressure of
452 pounds per square inch of effective concrete area on the arch rib for live and
dead loads and wind pressure combined, ” [21 ].
Other literature of the time recommended mixes of 1:1:3 resulting in a safe loading of 480
pounds per square inch (Figure 1.17) [15].

The stress calculations for the bridge also

comply with recommendations of concrete stress limitations by Marsh [14]:-

“That for general purposes we may allow 500 pounds per square inch for the
maximum resistance of the concrete to compression in pieces subject to bending, ”
[14].

15

Safe Loads on Foundations,
Proportions of Concrete
by volume-t

Safe Loading
Lb. per sq. in.

Tons per sq. ft-

1:1:3

480

1:2:4

450

35
32

1:2 ^:5

40a

29

I •■3'6
1:4:8

35°
25
280
29
fBased on a barrel of packed cement of 3.8 cu. ft., weighing 37^ ^b. net.
Figure 1.17 - Safe loads on foundation by proportions of concrete [15]

LS. 1.2

Concrete Compressive Strength

The concrete compressive strength in the bridge was specified as 2000 pounds per square
inch (13.7 N/mm^) [6]. The literature at the time indicated that the concrete mix of 1:1.5:3
would give concrete strengths ranging from 2610 to 2780 pounds per square inch (18.0 to
19.2 N/mm2) at an age of one month (Figure 1.18).
Age. one month.
Proportions.
Voids in Broken Stone or Gravel.

i

■u

□

t45%
lb. per

§20%

sq. in«

+ 4® 0
lb. per
sq. in.

§30%
lb. per
sq. iu.

28 W
2750
2v5.50

2840
2720
2610

2800
2670

2760
2610

2540

2460

2540

4

2560
2480

2440

2510
24 TO

2460
2350

2410
2290

5

240c

2350
2260

2310
2230

2230
2140

2170
2060

*50 %

c

o

2

3
IV 4
3

6

Ib. per
sq. in.

2S80
2780
2680

2.^20

lb. per
sq. in.

*Usc 50% columns for broken stone screened to uniform size.
tUse 45% colunnns for average conditions aad for broken stone with dust screcoed out.
lUse 40% columns for gravel or mixed .stone and gravel.
|U.«e these columns for graded mixtures.

Figure 1.18 - Concrete strengths for different concrete mixes [15]
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1.5.7.3

Reinforcement

A general specification for steel reinforcement by the Royal Institute of British Architects
Joint Committee on Reinforced Concrete may have been used for the reinforcement in the
Mizen Bridge. An extract states:-

“The metal used should be steel having the following qualities:(a)

An ultimate strength of 60,000 pounds per square inch (415 N/mm^);

(b)

An elastic limit of not less than 50%, or more than 60%, of the ultimate;

(c)

An elongation of not less than 22%;

(d)

It must stand bending cold 180 degrees to a diameter of the thickness of
pieces tested without fracture on outside of bent portion.

In the case of round bars, the elongation should not be less than 22 per cent,
measured on a gauge-length of eight diameters.

In case of bars over one inch in

diameter, the elongation may be measured on a gauge length of four diameters, and
should then be not less than 27 per cent. For other sectional material, the tensile
and elongation tests should be prescribed in the British Standard Specification for
Structural Steel. Before use in the work, the metal must be clean and free from scale
or loose rust. It should not be oiled or painted, but a wash of thick Portland cement
grout is desirable.

Welding should in general be forbidden; if it is found necessary, it should be at points
where the metal is least stressed, and it should never be allowed without the special
sanction of the architect or engineer responsible for the design.

The reinforcement ought to be placed and kept exactly in the positions marked on the
drawings, and, apart from any consideration of fire resistance, ought not to be nearer
the surface of the concrete at any point than 1 inch in beams and 1/2 inch in floor
slabs or other thin structures” [17].

Another document of the time relating to reinforcement is the “Standard Specification for
Structural Steel for Bridges and General Building Construction,” which was issued by the
British Engineering Standards Committee on Structural Steel in 1906.

This document

required breaking tensile strengths of 62,720 to 71,680 pounds per square inch (432 to 494
N/mm2) [16].
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7.5.1.4

R/d/ey-Camme/ System

The patented Ridley-Cammel system consisted of steel sheets crimped into a dovetail profile
of different gauges in cross section. The Ridley-Cammel corrugated dovetail system was
derived from Cunnard-Wright partitions. The machine for making the corrugated dovetail
sheeting was invented and patented by Mr. A. O. Wright in 1893. Mr Hugh L. Cunnah and
Mr. Henry A. Hughes invented and patented certain methods of applications for the dovetail
corrugated sheeting for floors and walls partitions (Figure 1.19) [13].

Gauge sizes and

details of the sheeting are shown in Figure 1.20.

Figure 1.19 - Corrugated dovetail sheeting used in wall partitions circa 1900’s [13]
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Figure 1.20 - Gauge sizes and details of corrugated dovetail sheeting [13]
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1.5.7.5

Sand/F/ne Aggregates

At the time of construction the guidance on sand / fine aggregate for use in concrete was:-

“hard grains of various sizes up to particles which will pass a 1/4 inch square mesh,
but of which 75% should pass 1/8 inch square mesh” [17].

“The sand should be composed of hard and coarse grains of all sizes.

The sand

should be clean and free from ligneous, organic or other earthly material... washing
sand is however often necessary to properly clean the sand from objectionable
impuritied' [22].
“Aggregate should consist of the hardened local stone available with a maximum
allowable size of 3/4 inch. The sand should be separated from the gravel or broken
stone by screening before the materials are measured” [M].
In 1908, the effect of seawater corrosion on the embedded reinforcement in marine
structures was not well understood and untreated sea sand was recommended for marine
reinforced structures:“Sea sand, if used should be free from salt, or concrete will effloresce. In marine
reinforced concrete construction, this objection does not apply and sea sand is
almost invariably used. Salt does not affect the strength” [22].

7.5.7.6

Coarse Aggregates

The importance of a good quality aggregate was further understood at the time;-

“The nature of the aggregate has a direct influence on the strength and quality of the
concrete. While the selection is ordinarily governed by the materials in the locality,
careful consideration should be given to the character of the work and the desired
qualities in the finished construction. Local materials should be carefully tested and
not employed if found unsuitable” [22].
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“Rocks that are commonly employed for concrete or for road making are
commercially classified as (a) traps, (b) granites, (c) limestones, (d) conglomerates,
and (e) sandstone.

The trade term “trap” includes dark green to black, heavy, close textured, tough rocks
of igneous origin, thus covering a variety of rock whose mineralogical names are
diabase, norite, grabbo, etc... The traps usually range in specific gravity from 2.80 to
3.05.

Granites, commercially so called, include the lighter colours, less dense rock, such
as not only true granite, but syenite, diorite, gneiss, mica schist, and several other
groups.
2.70.

Their specific gravities range from about 2.65 to 2.85, averaging close to

Although, as road metal, the traps are usually far superior to granites, for

concrete there appears to be no great difference in the value of the two classes. The
distinction however is worth keeping because a concrete stone is often purchased
from road metal quarries.

Limestone of normal type range in specific gravity from 2.47 to 2.67, averaging about
2.60, although the very soft stones, which are not suitable for high class concrete
may fall below 2.0.

Conglomerate, or pudding stone as it is often termed, is essentially a very coarse
grained sandstone, ranging in specific gravity from 2.50 to 2.80.

It makes good

concrete aggregate.

Sandstones of compact texture, such as potsdam and medina sandstones, and the
Hudson River bluestone, may run as high in specific gravity as 2.75, while the looser
textured, more porous sandstones may fall as low as 2.10, a fair average being about
2.40.

Shale and slate make poor concrete aggregates, because their crushing and
shearing strength is low.
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Both broken stone and what is known as shingle, that is gravel with the sand
screened out are used. In either case it must be clean and perfectly free from earthy
organic matters of any kind.

The aggregates should vary in size as much as

possible. In all cases, material which passes a sieve of 1/4 inch square mesh should
be reckoned as sand.

The maximum allowable size is usually 3/4 inch.

The

maximum limit must always be such that aggregate can pass between the reinforcing
bars and between the centering. The sand should be separated from the gravel or
broken stone by screening before the materials are measured” [15].

It was also known that aggregates should be thoroughly wetted before gauging [14].

In

1906 the

British Special Commission on Concrete Aggregates made general

recommendations for crushing strengths and weights of materials for the use of both artificial
and natural materials for aggregates. The following natural materials were included:-

1.

Volcanic rocks,
a.

Basalts, traps, dense, lavas etc,

b.

Lavas and rocks of similar character,

c.

Pumice, etc,

2.

Crushed granite.

3.

Sandstone, limestones, quartzites, and rocks of a similar character [24].

7.5.7.7

Cement

The 1907 British Standard for cement specified the grain size as follows:-

“Residue on a sieve 76 x 76 = 5,776 meshes per square inch (aperture of 334 pm)
shall not exceed 3 per cent.

Residue on sieve 180 x 180 = 32,400 meshes per

square inch (aperture of 141 pm) shall not exceed 10 per cent” [16].

In comparison, a modern IS EN 197, CEM I (Portland cement) with a Blaine fineness in the
order of 400 m^/kg typically has 10% of particles larger than 50 pm and less than 10%
smaller than 2 pm [25], [26].
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Comparison of modern cement with the 1907 cement is notable for the following;-

1.

Modern cement is a finer powder than the cement produced in 1907;

2.

Finer cement results in a faster rate of hydration. The size of a cement particle has an
important effect on the rate at which it hydrates when exposed to water.

As the

particle size increases, the rate of hydration slows down. A cement particle with a
diameter of 12 pm reacts completely in about a day, whereas a particle with a diameter
of 102 pm reacts completely in about a month [25];
3.

Finer cements have lower values of loose densities.

In the 1900’s the weight of

cement was taken as 100 pounds per cubic foot (1,604 kg/m^). Modern cement has a
settled bulk density of 1,375 kg/m^ and a particle density of 3130 kg/m^ [25].

BS 12 did not specify a compressive strength test for cement. However, the compressive
strength of cement was of the order of 16 to 20 N/mm^ [22].
A comparison of the composition of modern and early cement constituents is shown in Table
1.2.

Table 1.2 - Comparison of early and modern cement constituents [12], [25], [26]
Modern
Cement
Constituents
CcO
SiOp
Al,0.-,
FSpOa
MgO
Alkalis
SO.,

7.S.7.8

Composition Limits (%)
of Modern Portland
Cement [25], [26]
60-67
17-25
3-8
0.5-6.0
0.1-4.0
0.2-1.3
1-3

Early Cement
Constituents
Lime
Silica
Alumina
Ferric oxide
Magnesia
Alkalis
Sulphuric anhydride

Composition Limits
(%) of Portland
Cement Circa 1907
[12]
58-62
21-23
6-8
3-4
1.26
Not greater than 1.6
Not greater than 1.6

IVater

At the time of the bridge construction the relationship between water-cement ratio and
coicrete strength was not fully understood. The quantity of water used in the concrete mix
wculd typically have been left to the discretion of the contractor.
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The literature from the time generally recommended clean water for use in the concrete mix.
The effects of a seawater environment leading to chloride attack on reinforced concrete were
not known. In 1904 C. F. Marsh, stated that the durability of reinforced concrete was “well
established”, and that the cost of maintaining it was “n/7”[11], [14], [15], [22].

7.5.7.9

Concrete Compact/on

In the 1900’s, standard industry practice was that hand held tamping tools such as those
shown in Figure 1.21 were used to compact wet concrete. These tools would have had
limited effect in compacting concrete in “hard to reach” areas.

The importance of

mechanically compacted concrete was not recognised by the industry until several years
after the construction of the Mizen Bridge [11].
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Figure 1.21 - Early tamping tools for compacting concrete [23]

1.5.2

Construction Method

According to J. Sutherland the construction of the bridge was an example of the “outstanding
early use of precast concrete”

Figures 1.22 to 1.26 are photographs of the bridge taken

at the time of construction, which give useful insights into the construction method adopted.
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Sections of the Ridley-Cammel arch troughs being winched across the gorge along cables
are shown in Figure 1.22 [13].

Figure 1.22 - Launching of the braced arch ribs across the gorge [13]
The completed Ridley-Cammel arch ribs, prior to receiving concrete infill are shown in Figure
1.23. The wire ropeway used to construct the bridge is visible [13].

Figure 1.23 - The Ridley-Cammel arch troughs [13]
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Figure 1.24 shows the arch ribs infilled with concrete and the precast trestles having been
made integral with the arch ribs [23].

Figure 1.24 - Construction of the trestles [23]

Figure 1.25 shows that the bridge prior to the construction of the deck, hangers, posts and
rails [13].

Figure 1.25 - Completion of arch ribs, trestles and parapet edge beams [13]
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Figure 1.26 shows the completed bridge. A crane derrick (seen on the right hand side) was
used to winch material from boats [27].

Figure 1.26 - Completed bridge circa 1909 [27]
Based on these photographic records, contract drawings, contract specifications and written
literature it was possible to establish the likely sequence of construction, which is shown in
Figure 1.27.
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Launching of Ridley-Cammel arch rib troughs
with temporary bracing in four sections.

Concrete infill to the troughs.

Construction of cross head member.

Construction of permanent bracing.

Positioning of precast trestles on the arch ribs.

1''
^

Concrete stitch connecting precast trestles to

^ *

arch ribs.

I

wy j.

t:"

If

t «

It

••

^

Positioning of precast edge beam members.

Concrete stitch connecting precast edge

I

beam members to trestles.
Concrete stitch between precast edge beam
members.

I

! ■»

r

Construction of hanger members.

Construction of deck slab.

T ■■
J

TT

L

Installation of precast handrails, parapet posts
and granolithic surfacing.

Figure 1.27 - Likely sequence of construction

Various bridge members are labelled in Figure 1.28. Using the records available it was also
possible to determine the different forms of construction used. These are listed in Table 1.3
and shown in Figure 1.29.
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Top Hand Rail
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Tiutment

m^^'^^KyiFoundation
Figure 1.28 - Bridge members
Table 1.3 - Forms of construction used in the bridge members
Form of Construction

Bridge Member

Precast Concrete
Insitu Concrete

Handrail, Trestles, Parapet edge beam
Bridge deck. Post, Hangers, Cross head.
Concrete stitches
Arch ribs

Composite Insitu (using patented RidleyCammel System with trough and concrete
rendering)

Pre-Cast
In-Situ
Comoosite !n-Situ
Figure 1.29 - Forms of construction used in the bridge members
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The construction of the bridge commenced during 1908. Access to Cloghan Island was by
means of ladders attached to the cliff face. Later, during construction a travelling cage was
installed on a ropeway between the mainland and Cloghan Island. A light crane derrick and
landing platform were constructed on the island to the south of the bridge enabling building
materials to be brought to site by boat [6], [13], [23].

The construction began when the rock faces were chiselled out and mass concrete
abutments constructed.

The abutment walls were anchored into rock using rock anchor

chains [6], [13].

Delays were experienced when the rock seating at the abutments was found not to be as
expected.
excavations.

The design had to be modified with the arch made longer to suit deeper
Further delays were recorded during the winter of 1908 owing to extreme

weather [6], [13], [23].

When the abutment wall and base had been completed, temporary towers were erected
behind them. Cables and rigging were slung between the two towers enabling materials to
be winched across the gorge [13].

The arch ribs consisting of the Ridley-Cammel patented corrugated dovetail sheeting shaped
into an open trough to be encased in concrete were prepared for installation. The troughs
were open at the top and had two flat bars attached at each corner (Figures 1.30 and 1.31).

Figure 1.30 > Typical section through the
arch ribs [13]

Figure 1.31 - Cross section of arch ribs,
2010
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The troughs were winched into place across the gorge in four sections and then connected
by bolting the flat bars together. Concrete was poured into the open troughs. The sides of
the troughs received a concrete render. Pockets were left in the arch trough to allow later
insitu concrete stitch connections to the trestles and hangers.

The reinforced concrete trestles were precast, transported to the bridge site and winched
into place. Insitu concrete was used to stitch the trestles to the arch. The edge beams were
similarly precast, winched into place and stitched to each other, and the trestles and arch
ribs using bolts and insitu concrete. The completed edge beams were used to support the
insitu concrete deck.
The handrails were also precast and connected to the cast insitu posts and hangers.
Granolithic surfacing was laid on the deck to complete the construction of the bridge [13].
A description of the bridge and its construction was given by the designer Noel Ridley as
follows (metric units have been added [13].
“The contract was placed in the hands of Messrs. Alfred Thorne & Sons of
Westminster. The bridge is 172 feet (52.426 m) long in one span, is of the through
arch type. The ribs are parabolic curves with a reverse Sine of 30 feet (9.144 m) and
are of rectangular section 3 feet by 1 foot (914 mm by 305 mm) at the springing and
1 foot 6 inch by 1 foot (457 mm by 305 mm) at the crown. The ribs are parallel in the
centre portion at 5 feet 6 inch (1.676 m) centres, but where the footway comes
through the quarter span they splay out, being at 15 feet (4.572 m) centres at the
abutments and are connected by wind bracings.

This is to give stability under

pressure, as the bridge is so narrow.

The footway is 4 feet 6 inch (1.372 m) wide between the horizontal beams, and is 5
inch (127 mm) thick at the centre, including the granolithic surface; the beams are 15
inch by 9 inch (381 mm by 229 mm), and the reinforcement is made continuous from
one end by rigid connections and is anchored to the rock on either side to stiffen the
bridge under unequal loading.
The trestles and wind-bracing are 9 inch by 9 inch (229 mm by 229 mm) section, and
the hangers are 9 inch by 6 inch (229 mm by 152 mm).

The handrails are of

reinforced concrete with 4 inch (102 mm) octagonal rails, and posts 9 inch by 6 inch
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{229 mm by 152 mm). The rock on either side is benched out to receive the concrete
abutments in which the ribs are bedded.

The novel feature of this bridge, apart from its great span (which is believed to be the
greatest yet attempted in the British Isles) and its height above water, is that it was
possible to erect without centering, thus effecting a great saving in cost.

The ribs were made in four portions, all on shore and then built out from the
abutments.

They were in the form of a trough open at the top and connected with

stirrups to prevent spreading.

The trough consisted of dovetail corrugated sheets placed with dovetails in the
direction of the depth of the trough for the sides, and across the trough at the bottom.
The eight flat bars forming the longitudinal reinforcement were then bolted to the
sheets.

The outside of the trough was then rendered or concreted.

The ends of the eight

bars of the trough were provided with holes so that cover plates could be put on and
bolted, thus rigidly connecting the different portions of the ribs together.

The ropeway was used to place various parts in position, and the ribs were tied back
to the rocks with wire rope and temporarily stiffened.

The wind bracing was then fixed, and the ribs filled in, space being left to act as
temporary hinges; the trestles and beams were then put in place. All these parts had
been previously cast on shore.

The floor and hangers were shuttered and made

insitu, the shuttering being supported on the completed beams. On completion the
exposed joints on the outside of the ribs were concreted and rendered.

The bridge was tested two months after completion by loading with broken stone to a
super-load of 150 pounds, per square foot (7.2 kN/m^), the loading being applied
gradually, advanced from one end until the whole surface was covered, and it was
afterwards removed in the same way, thus testing under the most unfavourable
conditions. The maximum deflection was about one-fifth of an inch (5.08 mm). The
bridge has also stood the test of some very heavy gales.
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The machine for making the dovetail corrugated sheeting was invented and patented
by Mr. A. O. Wright in 1893. Messrs. Hugh L. Cunnah and Henry A.

Hughes

invented and patented certain methods of application for the dovetail corrugated
sheeting.” [13].
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1.6

ENVIRONMENTAL CONDITIONS

The bridge is located in an exposed marine site subject to Atlantic gales. The bridge spans
east-west across a sea gorge, the west end being on the island and the southern face being
exposed to the Atlantic. A weather station existed on the island until 1991. No weather data
from this weather station are available.

To provide exposure data, readings from the

Valentia Observatory some 60 km north of the site were accessed. The prevailing winds are
mainly from a southerly or south western orientation (Figure 1.32) [29].

Windrose Valentia 1940 - 2010

0%

4%

6%

12%

16%

Figure 1.32 - Met Eireann windrose for Valentia 1940 to 2010 [29]

The Observatory records rainfall of 1400 mm per year (Figure 1.33).

Mean annual

temperature at Valentia is 10.9 °C with a mean monthly range from 7.2 °C in February to
15.4 °C in August (Figure 1.34).
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Annual Rainfall 1881-2010
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Figure 1.33 - Met Eireann data for annual rainfall at Valentia and Phoenix Park [29]

History of Annual Temperatures 1961 - 2000

Figure 1.34 - Mean annual temperature at Valentia [29]

The wind, rainfall and temperature data presented in Figures 1.33, 1.34 and 1.35 illustrate
the environmental conditions likely to be encountered at the bridge site.
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1.7

SERVICE LIFE OF THE BRIDGE

The bridge was originally built to provide the Commissioners of Irish Lights access to the
Mizen Head fog signal station on Cloghan Island. Up to the time of its demolition in 2010 it
was used by the Commissioners of Irish Lights for access to the light, and as a cable route
for electricity and telemetry communications. It was also used by the Mizen Head Visitor
Centre as part of their tourist attraction.

It provides visitor access to an exhibition in the

former lighthouse keepers’ quarters. Known dates in the life of the station are as follows [5],
[6], [8]:May 1909
Fog signal station entered service.
July 1914
The Board of Trade ordered that dwellings should be whitewashed so as to act as a
better daymark.
January 1931
A wireless beacon was installed and put into operation.
October 1959
A light was established. The light was visible to a range of 21 km in clear weather.
1970
Fog signal was discontinued.
1993-1994
The light was automated and the last lighthouse keepers left the station. The bridge
and station were opened to the public for the first time by the Mizen Head Visitor
Centre [4], [5].

35

1.8

BRIDGE MAINTENANCE AND END LIFE

During its life of 100 years, the bridge underwent various inspections, maintenance, testing
and repairs as follows:-

Prior to 1939

Some repairs were carried out, which appear to have consisted of cutting away
defective areas of concrete and replacing with new concrete [5], [7].

1972

Remedial work was carried out on the bridge. The work carried out was described as
follows:“The treatment consisted of cutting away and replacing defective concrete, treatment
of the concrete surfaces with fungicide to remove organic growths, followed by a
complete covering of the surfaces with stabilising solution. A bituminous basecoat
was then applied, followed by a complete redecoration with white Sandtex matt
(exterior masonry paint), a material which contains mica, fine hard granite aggregate
and pigments to give the required colour. The entire treatment was in accordance
with the protective system provided by the Blue Circle Group” [6].

1980

A description of the repairs works carried out was described as follows:“Some repairs were carried out to rust stained areas: Previous membranes were
removed; patch cleaned; concrete around corroded reinforcement cut out and patch
cleaned; steel and concrete primed with a polymer/cement slurry, profile restored
with a modified cement mortar; finished with masonry paint to match. ” [7].

1986

Some rust stained areas were treated with micro-porous paint to reduce ingress of
water and chlorides [7].
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1989
Four 100 mm diameter cores were extracted from the arch ribs in an attempt to gain
some data on the quality of the concrete. Three compressive strengths of 70.3, 46.4
and 72.9 N/mm^ were recorded.

The characteristic 28 day cube strengths were

estimated to be between 25 and 40 N/mm^ at the time of construction. The concrete
densities varied from 2,160 to 2,425 kg/m^ with an average value of 2,340 kg/m^.
Other findings were as follows:-

“Examination of the cores revealed that a local stone
coarse sandstone - was used as aggregate.

-

a mixture of impure fine and

However, the sand in the matrix

appeared to contain some particles of quartz and feldspar and may thus have come
from some other source. ”

“Chloride levels were measured from powdered samples taken from the cores, using
Quantab strips. The chloride levels of seven cores varied from 0.23% to 0.42% of
NaCL with an average of about 0.31% by weight of concrete. No information was
available or established by test, for the concrete mix design. However if a nominal
1:2:4 mix by volume were assumed, it is likely that a cement content of approximately
300 kg/m^ was used. On that basis, the equivalent chloride levels would range from
1.1 to 2.0% chloride ion by weight of cement, with an average of 1.5%. A further
single core gave a figure of 4.5% and this may indicate that there were some areas
where the chloride levels were much higher than the average levels”[7].

November 1992
Mr. J.F. O’Halloran, Consulting Engineer, carried out a survey to establish the
geometry and the general condition of the structure. His report noted the following:-

“The entire surface of the bridge had layers of paint protecting the concrete.

This

while indicating vigilant maintenance, occluded the possibility of close examination of
surface defects. Extensive discoloration by rust showed through the finish along the
main arch ribs for perhaps about a quarter of the entire length.

This arises from

corrosion of the reinforcement. However the absence of any longitudinal cracking or
incipient spalling of the corners of the ribs along the length of the arch suggests that
the corrosion has not reached an advanced stage. Though the reinforcement does
not play a very significant role in maintaining the structural stability of the arch, the
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mechanism of an eventual failure would be by spalling of the concrete resulting in
considerable loss of effective concrete cross sectional area. ”[30].

2002

M.C. O’Sullivan and Company Ltd., Consulting Engineers (subsequently RPS
Consulting Engineers) carried out a condition and structural evaluation of the bridge
following observation of cracks. It was noted that the bridge had received its latest
coat of paint in 2000. A detailed inspection and geometric survey of the bridge was
carried out in May 2002. A finite element model was developed in conjunction with a
number of tests on the concrete at various locations on the bridge that included
petrographic analysis of two concrete cores. The analysis showed that the corrosion
mechanism was chloride ingress rather than carbonation of the cover concrete [8],
[31], [32].

June 2005

Following the results of electrical continuity tests which indicated that the bridge was
prone to brittle failure, a temporary scaffolding supported off the arch ribs was installed
on the bridge. The scaffolding was nearing its lifespan of 5 years in 2009 when the
contract to build a replacement structure was signed [5], [8].
September 2009

The contract to demolish and reconstruct the bridge was awarded to Carillion Irishenco
Ltd.. Funding for the project was provided by Failte Ireland, Cork County Council and
the Commissioners of Irish Lights.

Cork County Council undertook the role of

Employer and RPS Consulting Engineers were appointed as the Engineer.

2010

As part of this study an inspection prior and during demolition of the bridge was carried
out. Samples from the demolished bridge were tested and the results analysed.

March 2011

The contract to construct the new replica bridge was successfully completed. Figure
1.35 shows the completed replica bridge. [5].
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Figure 1.35 - View of replica bridge from Cioghan Island, 2011 [2]

1.9

SUMMARY

The first Mizen Bridge was one of the earliest uses of reinforced concrete in the UK and
Ireland. Its service life of almost 100 years is testament to the design and construction of the
bridge, which was undertaken when there was limited knowledge of the properties of concrete
for structural use.

The eventual deterioration of the concrete was due to reinforcement corrosion and the likely
mechanism was chloride attack.
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2.

CHLORIDE DETERIORATION OF STRUCTURAL CONCRETE

This chapter examines chloride attack on reinforced concrete with regard to sources of
chlorides, chloride transport mechanisms in concrete, and the corrosion process. Critical
chloride levels are investigated as well as methods for diagnosis of chloride induced
corrosion and mathematical modelling of chloride ingress.

2.1

CHLORIDE ATTACK

Chloride attack leads to reinforcement corrosion. The relationship between corrosion and
chlorides is complex. In concrete the passive layer surrounding the reinforcement steel is
continually breaking down and re-forming. Chloride ingress interrupts this process. The
extent of interruption is dependent on the amount of chloride present.

At low levels of

chloride, the passive layer reinstatement process slows down; as the chloride content
increases it eventually reaches a level at which the rate of reinstatement fails to match the
rate of breakdown of the passive layer. Complete depassivation occurs at this stage [25].
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2.2

SOURCES OF CHLORIDE AND CHLORIDE INGRESS

Sources of chlorides include the following:-

1.

Chloride contamination of mix constituents;

2.

De-icing salts;

3.

Seawater.

2.2.1

Chloride Contamination of Mix Constituents

The chloride content of reinforced concrete should be limited to a level where there is
minimal free chloride present. Sources of chlorides in fresh concrete include admixtures,
water, aggregates and cement. Prior to 1977, calcium chloride was permitted for use as an
accelerating admixture in concrete. This concrete was considered extra rapid hardening and
was sometimes used when concrete was placed at low temperatures.

The quantity of

calcium chloride added to the mix was limited to 2% by mass of cement. As discussed later
in Section 2.5, limitations on chloride contamination within the concrete mix constituents,
particularly admixtures and aggregates, have reduced the risk of corrosion from chlorides
cast into modern concrete. The level of permitted chloride content in concrete depends on
the exposure environment of the concrete [25], [33].

2.2.2

De-icing Salts

Chlorides from the environment can ingress into the concrete as free chlorides in the pore
water. Principal sources in Ireland and the UK are de-icing salts. In the case of concrete
roads and bridges, frost not only affects the durability of concrete directly but as a
consequence of the use of de-icing salts, which exert adverse effects on concrete by
increasing the number of freeze-thaw cycles.

The repeated use of de-icing salts with

intervening periods of freezing or drying results in surface scaling of the concrete and
promotes the ingress of chlorides. Additionally, airborne salt and saline ground conditions
may lead to chloride ingress [25].
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2.2.3

Seawater

Salts present in seawater are a source of chlorides. In the open sea, the salt concentration is
about 3.5%. Salt content varies over the ocean surface due to precipitation and evaporation
and in some cases melting of polar ice and mixing with freshwater rivers. The average total
concentration of salts in different seas is given in Table 2.1.

Table 2.1 - Average salt concentration in different seas/oceans [34]
Sea/Ocean
Mediterranean
Baltic
North Sea
Atlantic

Sait Concentration (%)
3.8
0.7
3.5
3.5

Sea/Ocean
Black Sea
Dead Sea
Indian Sea

Salt Concentration (%)
1.8
5.3
3.5

In coastal areas, the seawater environment can be considered to extend over the coast,
backwaters and estuaries. The exposure to chlorides is dependent on the tidal range and
the nature, extent and mechanisms of the deterioration processes.

The marine environment can be divided into three main zones as shown in Figure 2.1 [35]:-

1

Atmospheric;

2

Tidal;

3

Submerged.
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Figure 2.1 - Deterioration of concrete structure in a seawater environment [35]

2.2.3. /

Atmospheric Zone

The atmospheric zone is the upper zone of the seawater environment and is situated above
the tidal zone. In this zone the atmosphere is laden with moisture and contains substantial
quantities of salts and gases [36].

2.23.2

T/de/Zone

The tidal zone may be defined as the zone between the lowest and highest water levels.
The temperature of the zone can vary from 30 °C to a minimum of -2 °C, depending on the
location and the climatic conditions. The splash zone is the upper part of the tidal zone and
will extend some distance below the mean low water level.
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The tidal zone is considered the most susceptible to chloride attack as it experiences
alternative wetting and drying by aerated seawater, the erosive effect of seawater spray,
temperature fluctuations and wave action. The alternate wetting and drying processes in the
tidal zone lead to a build up of harmful salt ions at the concrete surface. The salt ions are
eventually transported as far as the reinforcement, and initiate the electrochemical process
of corrosion. Availability of oxygen and carbon dioxide accelerate the corrosion process.
Tidal currents reverse in direction with tidal cycles and can produce substantial loading
effects on offshore structures [36].

2.2.3.3

SubmergedZone

The submerged zone can be defined as the zone lying below the mean low water level and
above the seabed.

Here the oxygen availability is limited, but the hydrostatic pressures

increasing with depth can cause rapid penetration of harmful salt ions into the concrete. The
submerged zone is regarded as the least corrosive zone due to the limited availability of
oxygen and carbon dioxide.
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2.3

CHLORIDE TRANSPORT MECHANISMS

The two main chloride transport mechanisms in concrete are diffusion, which is the
movement of ions under a concentration gradient, and advection, which is the flow of water
under a pressure gradient due to capillary suction or an external head of water.

2.3.1

Diffusion

Chloride diffusion in concrete occurs when chlorides move from an area of high
concentration to an area of low concentration.

For concrete under saturated conditions,

such as the seawater submerged zone, diffusion is the dominant transportation mechanism.
Diffusion of chloride ions in concrete takes place in the pore water solution. The rate of
diffusion is influenced by several factors [37].
Concrete with a high water-cement ratio is relatively porous with an extensively
interconnected pore structure, resulting in higher diffusion rates than in concrete with a low
water-cement ratio. The continuous hydration of the cement and the associated changes in
size distribution and continuity of pores results in a reduction in diffusion rate with time. The
inclusion of some mineral additions, such as CEM III (Blast furnace cement), CEM II
(Portland - fly ash cement) and CEM II (Portland - silica fume cement), can significantly
reduce the rate of diffusion. CEM II (Portland - silica fume cement), causes an immediate
reduction of diffusion. With CEM II (Portland - fly ash cement) there is a long-term reduction
of diffusion.

Temperature affects the rate of diffusion with an increase in temperature

resulting in a corresponding increase in the diffusion rate [37].

Diffusion coefficients for CEM I (Portland cement) are of the order of 10 xlO'^^m^/s and
values for CEM II (Portland - fly ash cement) and CEM III (Blast furnace cement) are
generally lower by a factor of 10. The value of the diffusion coefficient decreases with time
and therefore service life prediction needs to incorporate an age factor to take account of
this [38], [39].
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2.3.2

Advection

Advection is the dominant transport mechanism for reinforced concrete structures that are
unsaturated and are subjected to wet and dry cycles, such as highway bridges and
structures in the seawater splash zone. In such cases the absorption of water is driven by
capillary action. The rate of capillary suction is a function of the capillary pressure, which is
in turn governed by the properties of the pore system in the concrete. As water penetrates
the concrete, it carries any dissolved contaminants such as chloride ions. Capillary action
can be extremely rapid with chloride contaminated water penetrating up to a depth of several
centimetres in a few hours on first contact with dry concrete. The concentration of chlorides
from the drying cycle can substantially increase surface concentration and chloride ingress
[37].

2.4

DIRECTION OF MOVEMENT

The movement of chloride ions does not always occur inwards from an external surface into
the concrete. Chloride ions may leach out from the concrete when the external surface is
subjected to water that has a lower chloride concentration than that of the pore solution near
the surface. This can occur when the surface is wetted by rain [38].

2.5

CHLORIDE BINDING

The movement of chlorides within the concrete is further complicated by the physical and
chemical interactions that take place between the chloride ions and the cement matrix. This
process, known as chloride binding, effectively removes chlorides from the pore solution and
retards the rate of chloride ingress into the concrete.

The level of chloride binding is

dependent on the amount of free chlorides present. Chloride binding is influenced by many
factors including the total chloride content, the pore solution pH, the phase composition of
cement, and temperature. Importantly, the development of carbonation at the surface of the
concrete unbinds chlorides thus releasing them into the pore solution. Therefore chloride
profiles at the concrete surface should be examined with consideration to the carbonation
front [37].

46

2.6

CORROSION OF REINFORCEMENT DUE TO CHLORIDES

It is well established that corrosion of steel is due to an electrochemical process.

The

process can be divided into two separate stages (Figure 2.2);-

1.

Initiation:

2.

Propagation.
Acceptable limit of damage

Carbonation
or threshold
level of chloride
DAMAGE
LEVEL
Penetration of
carbonation
front or chlorides in
sufficient quantities to
depassivate the steel
INITIATION

Assumes constant
rate of corrosion
after activation

X

PROPAGATION

Figure 2.2 - Initiation and propagation model for corrosion [37]

During the initiation stage, the steel surface becomes susceptible to corrosion, but it is
during the propagation stage that active corrosion occurs.

2.6.1

initiation

Steel reinforcing bars embedded in good quality concrete do not normally corrode because
of the highly alkaline conditions in concrete that produces a passive oxide film on the surface
of the reinforcing steel.

However, in situations where chloride levels exceed a threshold value, the passive oxide
layer breaks down, thereby leading to corrosion propagation. The chloride threshold value is
the critical chloride content at which initiation or propagation occurs.
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In some cases, chloride contamination is accompanied by carbonation of the concrete. This
increases the rate of corrosion since the pH decreases with the increasing uptake of carbon
dioxide and chloride bound to the cement hydrates is released, so increasing the level of
free chlorides [37].

2.6.2

Propagation

Once the passive oxide layer has been disrupted, corrosion of the reinforcing steel takes
place, providing that moisture and oxygen are present.
Under these conditions, the surface of the reinforcing steel acts as a mixed electrode, upon
which coupled anodic and cathodic reactions take place. At the anodic sites, metal ions
pass into solution as positively charged ferrous ions and the excess free electrons flow
through the reinforcing steel to cathodic sites where they react with dissolved oxygen to
produce hydroxyl ions.
Oxygen availability at cathodic sites is essential for corrosion to occur and, therefore, the
rate of oxygen diffusion through the concrete cover also influences the rate of corrosion.
To prevent charge accumulating on the electrode surfaces, hydroxyl ions diffuse through the
electrolyte towards the anode while the ferrous ions diffuse likewise towards the cathode.
Where they meet, they electrically neutralize, forming ferrous hydroxide, which in turn reacts
with oxygen and water to form haematite (red-brown rust) as shown in Figure 2.3 [37] [40].

Electric current
Anode

Figure 2.3 - Anodic and cathodic reaction for corrosion of reinforcing steel in concrete

[40]

48

Rust generally occupies considerably more volume than the steel destroyed. Consequently,
stresses develop in the concrete and cracking occurs, accelerating the corrosion process
further and eventually causing the concrete to spall.

An additional difficultly in assessing the corrosion risk associated with chlorides is that
corrosion activity can be caused by variations in chloride content. Steel may be protected in
concrete with a chloride content higher than the assumed threshold level at which corrosion
can be initiated. This may be attributed to the presence of localised higher chloride levels at
a nearby anode, which protects the neighbouring steel from corrosion [37], [41].
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2.7

CRITICAL CHLORIDE CONTENT / CHLORIDE THRESHOLD VALUE

Reinforcement corrosion in non-carbonated, alkaline concrete can only takes place once the
chloride content has reached a certain critical content or threshold value. In literature this
value is often referred to as the ‘critical chloride content’ or ‘chloride threshold value’.

The critical chloride content is not clearly defined and significant variations exist in literature
on the chloride level required to initiate corrosion.

There are two different ways to define the critical chloride level as follows:1.

From a scientific point of view, the critical chloride level can be defined as the chloride
content required for depassivation of the steel. This occurs at the initiation stage;

2.

From a practical engineering point of view, the critical chloride content is usually the
chloride content associated with visible or unacceptable deterioration of the reinforced
concrete structure. This occurs at the propagation stage [42].

Definition 1 is more precise, since it expresses the chloride content that is directly related to
depassivation. For Definition 2 the chloride content associated with an acceptable degree of
corrosion has little theoretical background; the amount of chloride that is measured at that
time has no relationship with the degree of corrosion or the corrosion rate.
The critical chloride content is most commonly expressed as total chloride content relative to
the weight of the cement in the concrete. The measurement of total chloride content is
relatively simple and well documented in standards. Since the quantification of the cement
content in hardened concrete can be difficult, the critical chloride content may alternatively
be expressed as the total chloride content relative to the weight of the concrete [42].

The rate of reinforcement corrosion may be expressed in terms of the rate of metal loss
(g/cm2/year), rate of section loss (pm/year) or current density (pA/cm^) with the latter two
being the most commonly used.

A corrosion current density 1 pA/cm^ is approximately

equivalent to a rate of section loss of 11.6 pm/year [42].
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The most reliable techniques for monitoring the rate of corrosion are based on measuring
electro-chemical changes in the steel.

There is a large amount of published data that

suggest values for the chloride threshold value below which there is an acceptably low risk
of corrosion of the reinforcement [42].

Standards and codes have traditionally indicated total chloride levels that should not be
exceeded in fresh concrete. The European standard IS EN 206-1 states levels in the range
of 0.1 to 0.4% chloride by mass of cement. Figure 2.4 is Table 10 of IS EN 206-1 [43].

Chloride content Class

Max. Cl content by mass of
cement ^

Not containing steel reinforcement or other
embedded metal with the exception of
corrosion-resisting lifting devices

Cl 1,0

1.0 %

Containing steel reinforcement or other
embedded metal

Cl 0,40

0,40 %

Containing prestressing steel reinforcement

Cl 0,10

0.10 %

Concrete Use

Where type II additions are used and are taken into account for the cement content, the chloride content is expressed as the
percentage chloride ion by mass of cement plus the total mass of additions that are taken into account
^
Cement type CFM III and GOBS as a type II addition may contain more than 0.10 % chloride but in that case the maximum
chloride content shall be stated on the packagii>g and/or delivery note
^

In the case of SR cements the maximum chloride content by mass of cement shall be 0.20 % with a chloride class of Cl 0,20

Figure 2.4 - Maximum chloride content of concrete to IS EN 206-1 [43]
Based on a large amount of conflicting data on corrosion threshold values and the difficulty
of defining the service environment throughout the life of a structure, the American Concrete
Institute Committee 222 [44], suggested conservative levels of 0.2% for reinforced concrete
and 0.08% for prestressed concrete. The Concrete Society Technical Report No. 32 [39]
recommends investigation for reinforcement corrosion if the measured chloride content is
greater than 0.6% by mass of cement.
The estimated risk of reinforcement corrosion associated with carbonation, cast-in chloride
content and environmental conditions is shown in Figure 2.5 [45].
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Figure 2.5 - Estimated risk of steel reinforcement corrosion associated with
carbonation, cast in chloride content and environmental conditions [45]
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2.8

DIAGNOSIS OF CHLORIDE INDUCED DETERIORATION

Data for concrete affected by chlorides can be obtained from both non-destructive site tests
and laboratory tests [37], [38], [39], [41], [46].

2.8.1

Non-Destructive Site Tests

Corrosion rate measurements require access to either the concrete surface or the use of
embedded probes.

The moisture condition of the concrete at the time significantly

influences the results and care is needed in the interpretation of the results [46].

2.8.1. /

Ha/f Ce// Potent/a/

A half cell potential test is often carried out when reinforcement corrosion is suspected or
evident. It is a measure of electrical potential on the surface of the reinforcement and can be
interpreted in terms of likelihood of corrosion activity. The equipment consists of a half cell
and a high impedance voltmeter. The half cell is a tube with a porous end, which contains a
steel rod in a saturated solution.

One terminal of the voltmeter is connected to the

reinforcement and the other terminal is connected to the half cell. It is usual to read in a grid
pattern and it may be necessary to spray water on the surface to obtain good electrical
contact. Half cell potential only gives a general indication of the likelihood that corrosion is
active [46].

2.8.7.2

Ga/vanostat/c Pu/se

The galvanostatic pulse method is a non-destructive polarisation technique for evaluation of
reinforcement corrosion. A short current pulse of approximately 50 pamp is applied to the
reinforcement from a counter electrode placed on the concrete surface together with a
reference electrode.

The small anodic current results in transient anodic change of

reinforcement potential that is monitored by the counter electrode.

The results of the

measurements can be presented as contour maps showing polarisation resistance gradients
in neighbouring areas of a structural element [46].
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2.8.7.3

Po/ar/sat/on Resistance

The polarization resistance method is similar to the galvanostatic pulse method. A small
current is applied to the reinforcement to polarize it by between 10 and 30 mV. This current
is interrupted and the subsequent response of the potential of the reinforcement is
measured. The results are used to provide a corrosion rate [46].

2.8.7.4

AC impedance

Ultra low frequency alternating current impedance spectroscopy is used to characterize
corrosion of steel reinforcement in concrete. The principle of the operation is that corrosion
is located by imposing a sinusoidal current at a monitoring point on the surface to measure
the concrete / reinforcement impedance as a function of frequency. Location of corrosion is
estimated on the basis that the distance travelled by the AC wave down the reinforcement
increases as the frequency is lowered.

At some characteristic frequency, the AC wave

intersects the corroding region resulting in a sudden, perceptible change in impedance. The
impedance is used to estimate the true polarization resistance of the reinforcement from
which the corrosion rate is determined [46].

2.8.7.5 Measurement ofFtuid Transport Properties

Durability is influenced by many physical and chemical factors.

In particular, the rate of

penetration of liquids, gases and ions determines the rate at which deterioration occurs. In
order to predict residual life, measurements are often made on retrieved core samples to
determine the fluid transport properties [46].

2.8.7.8

Resistivity

Resistivity measurements are sometimes carried out in conjunction with half cell potential
surveys to assist in predicting the likelihood of corrosion. A number of metal electrodes is
inserted into shallow drill holes at equal spacings in a straight line on the concrete surface.
A current is passed between the outer electrodes and the potential drop across the inner
electrodes is measured.

Readings can be affected by moisture or salt in the concrete.
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reinforcement close to the surface or poor coupling between probes and the concrete
surface [46].

2. S. 7.7

Mo/sti/re 7l/!easure/nent

The moisture condition of concrete is a significant factor, both in the diagnostic process and
in

the

assessment of

residual

performance.

In

chloride-contaminated

concrete,

environments that permit the most rapid chloride penetration also lead to the most rapid
corrosion. The moisture content influences values obtained in many of the tests, especially
those that measure fluid or ion transport [46].

2.8.7.8

Surface and Near Surface Absorption Tests

A number of site tests is available to measure surface absorption or permeability of concrete
to gases or liquids. The most commonly used are the initial surface absorption test and clam
tests. The values obtained are influenced by the pore structure and moisture content of the
concrete [46].

2.8.7.9

Eiectr/caiPotent/aiilfapp/ng

The electrical potential indicates the risk of reinforcement corrosion. It is only a qualitive
measurement and may be affected by several factors. Readings are normally taken over the
concrete surface in a grid pattern. The maximum corrosion is usually associated with areas
in which the potential gradient is steep; where these occur the grid spacing should be
reduced [46].
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2.8.7.10 Rad/ography

Radiography has been used to determine the position and condition of reinforcement and to
establish defects in concrete such as honeycombing, voids and variations in compaction.
The system comprises a radiation source, the section of concrete being examined and the
image collector. Two types of radiation source are used. Gamma ray sources consisting of
radio-isotopes are usually employed for concrete sections up to 500 mm thick. High energy
X-rays are appropriate for greater thicknesses [46].

2.8.7.77 Thermography

Thermography uses temperature sensors to detect temperature differences on the surface of
concrete, which may be due to defects such as voids in or below the concrete, areas of
delamination or poor compaction.

Air in voids, and in regions of delamination and poor

compaction, is a much poorer conductor of heat than good quality concrete and so the
presence of these anomalies affects heat flow through the concrete.
Thermography uses an infra-red scanner with an output to a TV monitor.
destructive testing is required for calibration purposes.

Some limited

The technique gives a two-

dimensional assessment of damaged areas and does not give the thickness of the defect or
its depth below the surface. Differences in surface roughness can also lead to problems
with the technique as rough surfaces have a higher resistivity than smooth surfaces [46].

2.8.7.72 i/l^ater Ahsorpt/on

Absorption testing provides information on the uptake of water capillary action and can be
used to estimate the concrete porosity [46].
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2.8.2

Laboratory Testing

Laboratory tests of porosity, water absorption, permeability and diffusion of chlorides can be
carried out on extracted cores. A range of chemical tests can be carried out on samples of
concrete dust obtained from cores or lump samples by drilling and grinding [46].

2.8.2. /

Petrograph/c Tests

Samples for petrographic examination can be taken from lump samples or cores. These are
impregnated with resin, and surfaces (either polished sections or thin sections) are prepared
by sawing, lapping and polishing with finer grades of carborundum paste. The prepared
samples are examined through a petrographical (geological polarizing) microscope, using
either reflected or transmitted light. The lighting may be normal, ultra-violet or polarized [46].

Petrographic examination can include determination of:-

1

Proportions of coarse and fine aggregates, cement paste and air voids;

2

Aggregate type, grading and shape;

3

Condition of aggregates;

4

Nature of the cement paste, including mineral additions such as pulverised fuel ash;

5

Nature and degree of hydration of cementitious materials;

6

Bond between aggregate and the paste;

7

Porosity of the cement paste;

8

Air entrainment;

9

Presence of deleterious material;

10

Depth of carbonation;

11

Cracks voids and inclusions;

12

Evidence of sulphate attack, frost damage, chemical attack and alkali-silica reactions.

Petrography can be used to determine micro-cracking, cement type, cement content and
water/cement ratio. It can also be used to determine the causes of deterioration, such as
freeze thaw damage and sulphate attack [46].
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2.a.2.2

\/yater Permeatf/7/ty

Measuring water permeability is not directly useful for predicting the performance of a
structure, except for predicting water penetration. It is however a useful indication of general
quality [46].

28.2.3

Ch/or/cfe D/ffus/on

In the standard chloride diffusion test, a slice of concrete or mortar, usually 12-15 mm thick
is placed between two reservoirs, one containing a concentrated chloride solution and the
other containing an initially chloride free solution. The increase in chloride concentration of
the latter reservoir is monitored regularly [46].

2.8.24

Bu/k Ch/or/cfe D/ffus/on

A chloride profile is established after exposure of one face of the specimen to a chloride
solution. This is known as a bulk diffusion test. The results are interpreted in the same way
as chloride profiles obtained from a structure and a coefficient of chloride diffusion is derived
by analysis [46].

28.2.5

Ch/or/c/e Prof//e

To produce a chloride profile from the concrete surface to a specified depth, usually as far as
the reinforcement, either dust or core samples can be analysed. Dust samples for analysis
should be taken at depth intervals. Cores are sectioned and ground in the laboratory before
analysis. A typical chloride profile in concrete subject to chloride ingress is shown in Figure
2.6. Higher concentration of chlorides are measured at the concrete surface and chloride
levels decrease with depth [46].
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Depth from surface (mm)

Figure 2.6 - Typical chloride profile in concrete [37]
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2.9

MATHEMATICAL MODELLING OF CHLORIDE INGRESS

2.9.1

Pick’s Laws of Diffusion

Pick’s 2^^ Law of Diffusion may be used to evaluate chloride transport in concrete. For an
isotropic material under steady state conditions, chloride diffusion is given by Pick’s

Law

of Diffusion as follows [38]:

J =-D

dx

Equation 2.1

where

J

=

rate of chloride transfer per unit length of section;

D =

diffusion coefficient;

C

concentration of diffusing substance;

X

=
=

space coordinate measured normal to the section.

Chloride ion diffusion is not a steady state process and the differential equation, known as
Pick’s 2"^ Law of Diffusion, is applicable:

ac ^
ax'

dt~

Equation 2.2

A solution to Pick’s 2"^ Law (also known as Crank’s Solution) yields the following:

Q-C,=(C,-CJ\-erf
Equation 2.3
where
=

chloride content at depth jc (% chloride by weight of cement);

C^=

chloride content at surface (% chloride by weight of cement);

Q =

background chloride content (from the mix constituents) (% chloride content
by weight of cement);

D =
t

effective chloride diffusion coefficient (m^/sec);

= exposure period (seconds);

erf = error function.
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2.9.2

Model Based on Nernst-Planck Equation

The issue of non-linear chloride diffusion is addressed in the development of a model using
Nernst-Planck equations.

This model addresses the significance of absorption in

unsaturated concrete and the movement of ions under the influence of electrostatic fields.
An approximate finite difference solution is formulated, from which values of the chloride
diffusion coefficients can be determined as follows [47]:

dAcJ
{o.(cJ}, =

dC.
r/O

i-2

dC,

1^1

Equation 2.4

where
chloride diffusion coefficient of concrete assuming it to be concentration
dependent only;
free chloride concentration per weight of concrete;
cl>

=

A

= constant dependent on the surface chloride level
corrosion threshold

a

and the critical chloride

;

= factor dependent on the porosity of the concrete and the solution saturation;

C. = initial free chloride concentration per weight of concrete.
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2.9.3

Model for Ageing Concrete

A numerical model for chloride ion penetration in ageing concrete has been developed which
considers ionic diffusion and the effect of convection by means of moisture migration and
cement hydration as follows [48]:

hjWe + {h-\)w^e + hwej

+ V'

=0

Equation 2.5

where
H’ =

moisture content,

e =

free chloride ion concentration coefficient,

= diffusion coefficient for chloride ions,
y =

moisture flux,

= nabla operator (spatialgradients).

and
b=

=^+

p)r

Equation 2.6
where
C, = total chloride ion concentration,
= free chloride ion concentration,

2.10

p

= concrete porosity,

y

= ratio between free and moisture flux.

RELEVANCE TO RESEARCH

Chloride attack of concrete is now well understood. Many of the principles outlined can form
the basis of an investigation of the chloride deterioration of the concrete in the first Mizen
Bridge.

The bridge was located in an atmospheric zone (Figure 2.1), and subject to

seawater spray, which according to IS EN 206-1 [43] would be designated as XS3 exposure
class.
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3.

PREVIOUS STUDIES

Testing of material properties was undertaken on the Mizen Bridge on a number of
occasions during its life. This chapter examines these previous studies and the concrete
testing carried out on the bridge.

Four previous studies on the Mizen Bridge have been reported as shown in Table 3.1.
Table 3.1 - Previous investigations

1
2

3
4

Investigation

Purpose of the investigation

University College Dublin,
1989 [201.
M. C. O’Sullivan and Company
Ltd., Consulting Engineers,
2002 [311, [321.
Freyssinet, 2005 [491.
University College Dublin /
LUNAM Universite, 2012 [50].

Investigation into the performance of the 80 year old
bridge
Inspection, assessment and material testing carried
out following noticeable deterioration
Cathodic protection feasibility study
Destructive and non-destructive condition
assessment of a 100 year old concrete bridge
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3.1

UNIVERSITY COLLEGE DUBLIN, 1989

University College Dublin carried out concrete testing on the bridge in 1989 and presented
their findings [20].

3.1.1

Concrete Compressive Strengths

Three cores were extracted from the arch ribs. A cover meter was used to ensure that cores
were extracted from areas free from reinforcement.

Compressive strengths from the

crushed cores were recorded as 70.3, 46.4, 72.9 N/mm^. The concrete densities of the
cores taken from the arch rib concrete varied from 2,160 kg/m^ to 2,425 kg/m^ with an
average of 2,340 kg/m^.

3.1.2

Chloride Content

Chloride contents by weight of concrete between 0.23% and 0.42% with an average of
0.31% were recorded.

A concrete mix of 1:2:4 was assumed in the research giving

percentage of chloride by weight of cement as 1.1% to 2.0% with an average of 1.5% by
weight of cement. An isolated sample gave a chloride level of 4.5% by weight of cement.
An assumed cement content of 20% was used in this study.

3.1.3

Carbonation

A phenolphthalein indicator was used to assess the depth of carbonation and it was noted
that the average depth of carbonation in the deck and top surface of the abutment was less
than 1 mm.
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3.2

M. C. O'SULLIVAN AND COMPANY LTD., 2002

During a routine repainting of the bridge in 2000, concern was raised over noticeable rust
staining.

M. C. O’Sullivan and Company Ltd., (now BPS Consulting Engineers) were

appointed by the Commissioners of Irish Lights in April 2002 to carry out an evaluation of the
structural condition of the bridge. This included a geometric survey, a photographic survey
and a series of material tests and localised concrete breakouts [31], [32].

3.2.1

Material Tests

A series of both destructive and non-destructive tests was undertaken as part of the 2002
inspection, listed as follows:-

Cover meter survey;
Tests for carbonation depth;
Tests to determine the depth of protective coating;
Schmidt Hammer tests;
Chloride content testing and analysis of 11 concrete samples;
Petrographic testing and analysis;
Compression testing of two extracted 105 mm diameter concrete cores.

The two 105 mm diameter cores were taken from the deck of the footbridge. Core Cl was
taken from the western end and Core C2 was taken from the eastern end. Both Core Cl
and Core C2 were tested for compressive strength The results of the tests are presented in
Table 3.2.
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Table 3.2 - Summary results of 2002 investigation [32]
Equivalent
Insitu
Standard
Cube
Strength
(N/mm2)

Depth of
Cover
(mm)

Depth of
Carbonation
(mm)

Coating
Thickness
(mm)

%
Chloride**

West Trestle 1 South Upright

40*

68

1

2

2.57

South Rib

35*

51

1

2

4.06

South Edge Beam

37*

85

1

2

1.92

South Rib

34*

35

1

2

2.54

Deck Soffit

44*

55

1

2

3.6

North Edge Beam

33*

68

1

2

2.33

North Rib

33*

32

1

2

2.94

Deck Soffit

51*

40

1

2

2.05

East Trestle 1 - North
Upright

28*

31

1

2

2.66

North Rib

31*

44

1

2

2.66

Parapet Post 28

29*

32

1

-

2.67

Location of Core Cl

26

-

-

-

-

-

-

Test Location

Location of Core C2
29
‘Schmidt Hammer Test
“Chloride content by weight of cement (assuming 14% cement content)

3.2.2

Petrographic Analysis

A petrographic analysis was carried out on two core samples taken from the bridge. The
petrographic examination was carried out in accordance with ASTM C856 1995 [51]. Core
Cl was described as “homogenous in nature with a surface screed.” An off-cut from the
core, which remained after the section was prepared for compression testing was
petrographically tested, although it was noted that it was not an ideal size for this type of
analysis.

The petrographic analysis found evidence of both alkali-silica reaction (ASR) and sulphate
attack. A white deposit formed on the end of the core after it was removed from the deck.
This deposit was 2.5 mm thick and consisted of 0.25 mm of sulphate and 2.25 mm of
carbonated paste.

The carbonated paste comprised lime deposited by water moving

through the concrete and is evidence of the presence of a horizontal delamination within the
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deck. It is worth noting that extensive delamination in the deck was identified, it was noted
that the presence of water is necessary for ASR to progress. The petrographic analysis
found ASR gel evident within the microcracks in the concrete. It is noted that this was the
first recorded case of ASR in Ireland [32].

Core C2 was removed from the eastern end of the deck. Again Core C2 had two distinct
layers and a surface screed. The two layers indicated that the deck was constructed in
stages.

The petrographic analysis showed that the concrete was coherent and robust.

Evidence of extremely low levels of ASR was noted. However, no evidence of the presence
of gel in cracks or damage to the concrete was found.

The samples were examined at low magnification using a binocular microscope. The coarse
aggregate used in the deck construction was dominated by crushed greywacke and
sandstone particles having a nominal size of 14 mm. The aggregate in the coarse fraction
was thought to be locally derived.

However, a sample of concrete taken from one of the

parapet post members was found to contain ingneous rock types, including grabbo,
suggesting that aggregate was derived from a variety of sources in addition to the local
crushed stone.

The fine aggregate contained abundant shell fragments, which were derived from a marine
source, probably beach sand. As part of the RPS study, samples of sand were taken from
nearby Barleycove Beach during a visit to the site and examined in the laboratory using the
petrographical microscope. The material closely resembled the shell fragments found in the
deck (Figure 3.1). In contrast the fine aggregate contained in the parapet post was found to
contain a predominantly siliceous aggregate, mainly quartz and sandstone with only traces
of marine shell material.

Figure 3.1 - Shell fragments in concrete observed in petrographic examination [32]
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The paste in the specimen was found to be a dense material of low porosity.

The thin

section showed abundant residual Portland cement grains, which were typically in the range
of 60 pm to 150 pm. Very large cement grains up to 350 pm in size were found in the thin
section. These particle sizes are consistent with the ranges as specified in the 1907 British
standard for cement [12].

3.2.3

Concrete Breakout

Further investigation involved localised concrete breakout at a post member and a hanger
member, to examine the extent of reinforcement corrosion present. These members were
chosen as being representative of the best and worst examples respectively of corrosion
problems based on their appearance.

The post member breakout revealed the

reinforcement to be in very good condition with no apparent loss of section. The hanger
member had previously received a concrete repair. The remains of the reinforcement were
apparent on removal of the concrete repair. The remains comprised a “compact black gritty
dust,” which was later identified as anaerobic corrosion. The surrounding material appeared
to be in sound condition (Figure 3.2) [31].

• .1 j*

Figure 3.2 - Concrete breakout at hanger member [31]
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3.3

FREYSSINET, 2005

Following the 2002 M. C. O’Sullivan and Company Ltd.

report,

Freyssinet were

commissioned in 2005 to undertake electrical continuity testing of the reinforcement within
the bridge, as part of a cathodic protection feasibility study [49].

3.3.1

Electrical Continuity Testing

Reinforcement locations were verified using a cover meter and then the reinforcement was
exposed through drilling. Electrical continuity testing of reinforcement was undertaken on
representative samples of all structural elements.

The resistance of the equipment

connection and cables used (the background resistance) was recorded. The resistance on
the reinforcement bar exposed at both ends was then measured. Two measurements were
taken on each bar with the polarity of the connections to the instruments changed between
readings. In addition, testing was also carried out on exposed steel within areas of spalled
concrete on the deck soffit at a limited number of locations.

Continuity testing was

undertaken both on reinforcement bars within a particular structural element and between
structural elements.

For a structure to be cathodically protected, BS EN 12696 [52] states that the acceptance
criteria for cathodic feasibility testing values should be less the 1 0 or the potential difference
less than 1 mV. Concrete Society Technical Report No. 60 [53] states that a resistance of
less than 1 0 indicates that the steel is continuous.

A total of 129 individual reinforcement bars were tested on 35 bridge elements. The tests
revealed that of the 129 individual reinforcement bars located in the structure; 111 (86%)
were found to be discontinuous.

Some reinforcement bars were found to be continuous

within individual elements of the structure, mainly in the arch ribs and hangers. Of the 35
tests completed within individual elements, the majority (30 (86%)) were again found to be
discontinuous.

A “moist black paste” corrosion product was observed during the drilling (Figure 3.3).
Freyssinet attributed this product to oxidation of steel in an oxygen depleted environment.
This rarely occurring process warranted further investigation and as part of this study a
research paper on “Anaerobic Corrosion”, was written and presented at the 10*^ International
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Conference on Damage Assessment of Structures, July 2013, and is contained in Appendix
A [3].

Figure 3.3 - Black paste observed during drilling [49]
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3.4

UNIVERSITY COLLEGE DUBLIN / LUNAM UNIVERSITE, 2012

University College Dublin and LUNAM Universite, carried out concrete testing on selected
samples [50].

3.4.1

Electrical Resistivity Tomography Testing

Concrete porosity, water and chloride content are linked to corrosion risk.

Electrical

resistivity testing of concrete maps the subsurface resistivity of the concrete. Testing was
carried out after demolition, on the granolithic surfacing on the bridge deck and on hanger
members. Results for the respective deck and hanger sections were consistent but when
compared, displayed different traits. The hangers showed a strong decrease in resistivity
moving inwards from the surface (Figure 3.4).
“unexpected”.

This observation is described as

It was also noted that average resistivities for the hangers are generally

higher than for the deck.
0.0

Offset (m)

*

0.0

Offset (m)

.)0S20
D
e

O.OUl

p

0.03S1

t

0.0415
0.0550

(m) O.OKO
0.0718

\^l

0.0718
Inverse Model Resist.vity Section (Ohm.m)

■■■■■■■■■■■■■■■■■
42.0
60.0
8S.>
123
176
251
360
515
Figure 3.4 - Electrical resistivity tomography testing (a) slab (b) hanger [50]
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3.4.2

Rapid Iodide Migration Test

The rapid iodide migration test is a modified rapid chloride migration test, where iodide ions
replace chloride ions.

As iodide is similar to chloride in size, binding and transport

behaviour, it is suitable for concrete that contains external chlorides.

Six samples were

taken from the deck slab and one from the hangers for rapid iodide migration tests. Diffusion
coefficient results for these tests are presented in Table 3.3.

Table 3.3 - Diffusion coefficients derived from rapid iodide migration test [50]
Slab1

Sample ID
De« (m^S)

3.5

Slab 2

Hanger

1-A

1-B

1-C

2-A

2-B

3-A

1.82x10"'^

1.51 xIO'^^

3.9x10"'^

5.44x10"*^

4.00x10""^

5.17x10’^^

SUMMARY

The test results and conclusions of these previous studies recorded low carbonation depths,
as expected in an exposed rural/marine environment. As such, carbonation is ruled out as a
cause of deterioration.
The high chloride levels found in the concrete were believed to be caused by chloride
ingress from the surrounding marine environment.

Subsequent chloride attack on

reinforcement was the likely cause of the deterioration of the bridge. The high chloride levels
warrant further investigation and are examined in Chapter 5.

The study in Section 3.3 identified anaerobic corrosion as being present in the bridge. As
part of this research, a peer reviewed research paper Anaerobic Corrosion of Reinforcement
was published and is given in Appendix A.
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4.

SITE OBSERVATIONS AND PRELIMINARY TESTING

Following on from the results of the 2005 Freyssinet Report it was determined that the bridge
was at risk of brittle failure. The bridge owners decided that the demolition of the old bridge
and re-construction of a replica structure would provide the best long term solution. In 2009
work commenced on the bridge demolition and replacement.

The works consisted of a

phased demolition of the old bridge in sequence with the construction of the new bridge.
The old bridge demolition offered a unique opportunity to examine its service life and to
extract concrete samples for analysis and investigation. This chapter presents site
observations as well as preliminary test results for concrete samples taken from the bridge.

4.1

SITE OBSERVATIONS

Geometric and photographic surveys were undertaken in 2002 by M. C. O’Sullivan and
Company Ltd. A further photographic survey was undertaken prior to demolition in 2009 as
part of this research. These surveys identified the following defects:1

Localised failure of the bituminous protective membrane;

2

Rust staining:

3

Concrete spalling;

4

Concrete cracking;

5

Concrete delamination;

6

Reinforcement corrosion.

4.1.1

Localised Failure of the Bituminous Protective Membrane

The bridge underwent various maintenance, inspections, testing and repairs between 1939
and 2000. A bituminous protective membrane was first applied in 1972 [6]. In 2002 and
2009 localised failure of the protective membrane was visible as shown in Figures 4.1 to 4.4.
Localised blisters of trapped water were observed between the debonded bituminous layers
and the concrete face.
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Figure 4.1 - Rust staining and membrane failure, 2002 [31]

Figure 4.2 - Rust staining and membrane failure, 2009

Figure 4.3 - Localised membrane failure in west trestle, 2009

Figure 4.4 - Membrane failure in parapet posts, 2009
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4.1.2

Rust Staining

Rust staining on the bridge was reported in 1939, 1972, 1980, 1986 and 1992 [6], [7], [30].
The maintenance regime for the bridge included the application of a protective membrane
and painting, and in 2000 following visible rust staining, the bridge received its final coat of
paint [21]. By 2002 extensive rust staining was again observed on the bridge (Figures 4.1
and 4.2).

Rust staining and breakdown of the protective membrane and paint system

developed further between 2002 and 2009 (Figures 4.5 to 4.7). The protective membrane
and paint system prevented a visual inspection of the concrete surfaces. The presence of
rust staining may be attributed to corrosion of reinforcement due to chloride attack, cracking
of the concrete due to expansive rust, and the migration of rust through the cracks formed in
the cover concrete.

Figure 4.5 - Rust staining on parapet post and rails, 2009

't“g' f..
*->■

Figure

lusf staining on uni
bridge deck, 2009

e of

Figure 4.7 - Rust staining in west trestles
and underside of deck, 2009
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4.1.3

Concrete Spalling

Concrete spalling was prevalent on the underside of the edge beam and deck slab resulting
in significant loss of section (Figures 4.8 and 4.9).

Figure 4.8 - Underside of deck and edge
beams with concrete spalling/loss of
section, 2009

Figure 4.9 - Cut section of edge beam
showing extent of corrosion, 2010

The concrete in the edge beam soffit was observed to be of poor quality and extensive voids
were visible. These edge beams were flexural members.

In the edge beams and arch rib members, the Ridley-Cammel reinforcement system, which
consisted of corrugated dovetail sheeting showed signs of poor bond between concrete and
steel (Figures 4.10 to 4.15).

Concrete spalling is a trait of advanced chloride attack on reinforcement.

The cover

concrete was dislodged in places due to expansive rust on the reinforcement.
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Figure 4.10 - Cross section of arch rib
showing position of sheeting [13]

Figure 4.11 - Cut cross section of arch rib
with cracking/debonding at the sheeting,
2010

Figure 4.12 - Debonding of sheeting and concrete in arch rib, 2010
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Figure 4.14 - Split section of edge beam and
debonding of sheeting, 2010

Figure 4.13 - Edge beam showing
debonding crack in shear link
sheeting, 2010
Figure 4.15 - Debonding of sheeting in edge
beam, 2010

4.1.4

Concrete Cracking

In 2010, extensive rust staining was observed through the paint layers. The layers of paint
prevented close examination of the concrete surface. However, there was an absence of
significant concrete cracking normally associated with advanced reinforcement corrosion.

4.1.5

Concrete Delamination

The phased demolition of the bridge allowed for inspection of cut-through sections. The
bridge deck section displayed horizontal delamination between the upper granolithic
surfacing and the reinforced concrete deck slab. The delamination was more pronounced at
midspan of the bridge, where maximum deflection and stresses occurred (Figures 4.16 and
4.17).
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Figure 4.16 - Horizontal delamination in the bridge deck and granolithic surfacing at
midspan,2010

Figure 4.17 - Delamination between granolithic surfacing and deck slab, 2010
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4.1.6

Reinforcement Corrosion

The corrosion products observed during demolition are shown in Figures 4.18 to 4.25.
These products are thought to be the result of anaerobic corrosion. As part of this research a
peer reviewed research paper “Anaerobic Corrosion” was presented at the 10*^ International
Conference on Damage Assessment of Structures, July 2012. This paper is given in
Appendix A [3].

Figure 4.18 - Black rust product on
concrete breakout, 2010

Figure 4.19 - Moist black corrosion
‘active” product on recently exposed
reinforcement, 2010

Figure 4.20 - Green rust observed on
recently exposed reinforcement, 2010

Figure 4.21 - Black paste and localised
pitting present on recently exposed
reinforcement, 2010

Figure 4.22 - Green and black corrosion
products on recently exposed
reinforcement and concrete in edge
beam member, 2010

Figure 4.23 - Black corrosion product on
recently exposed concrete breakout, 2010
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i

Figure 4.24 - Black corrosion product on
recently exposed reinforcement, 2010

.

,.**3

Figure 4.25 - Black rust remains of
corrugated dovetail sheeting in edge
beam member, 2010
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4.2

CONCRETE SAMPLING

The controlled and sequential demolition of the bridge allowed for the selection and
extraction of samples from all bridge members.

Different demolition methods were used

such as cutting with a circular saw, weakening of members by extracting cores and the use
of a hydraulic concrete breaker and percussion hammer as shown in Figures 4.26 to 4.30.

Figure 4.26 - Wire saw operation used to
slice bridge deck and edge beams, 2010

Figure 4.27 - Circular saw used to slice
upper sections of the arch, 2010

Figure 4.28 - Concrete core extraction
used on trestles, 2010

Figure 4.29 - Concrete cores and
hydraulic breaker used on lower section
of the arch, 2010
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Figure 4.30 - Stockpile of demolished reinforced concrete, 2010
A labelling system was established for the samples according to bridge member, its position
and orientation. Each sample received a metal tag with a code. The labelling system codes
are given in Tables 4.1 to 4.3.

Table 4.1 - Concrete sample labelling: Member references
EB
HG
PT
HR

Member References
Deck Slab
Edge beam / Parapet beam
SR
T
restle
Hanger
TR
CH
Crosshead
Post
Handrail

Table 4.2 - Concrete sample labelling: Global location reference on the bridge
NS

North side

Global location Reference on the Bridge
South side
M
SS

Middle

Table 4.3 - Concrete sample labelling: Orientation reference
T

Top side

B

Orientation Reference
Bottom side

M

Middle section

Grid reference; Grid 1 and Post No. 1 commence on Cloghan Island (west side) and
increase towards the east. A map of sample locations is included in Appendix B.

An example of sample labelling: EB.NS.17-19.T.N. relates to edge beam/north side, at grids
17-19, topside, north face. Bulk samples were taken from smaller members such as posts,
rails, hangers and deck. Cores were extracted from larger members such as arch ribs and
trestles. Photographs of the samples are given in Appendix B.
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4.3

PRELIMINARY TESTS AND RESULTS

Following the extraction of samples a suite of tests was carried out on representative
samples of the bridge members. The tests carried out are given in Table 4.4.

Table 4.4 - Suite of concrete tests
Concrete Test

Standard / Reference Document

Compression testing of concrete cores.
Concrete density of cores.
Steel tensile test.
Chloride content (dust samples).
Water absorption.
Concrete pH (spot test method).

IS EN 12504-1:2000 [54].
IS EN 13791:2007 [55].
IS EN 12390-7:2009 [56].
BE EN ISO 6892-1:2009 [57].
BS 1881-124:1988:10.2 [58].
BS 1881-122:1983 [59].
BS 1377-3:1990 [60].

An independent testing laboratory (Mattest Ireland Ltd.) was commissioned to carry out the
concrete testing.

The test results are given in Appendix C, with a summary of results

presented in Table 4.5.

Table 4.5 - Concrete test results

Element
Handrail
HR SS 17 18 SB
Slab
SBM25
SB M13 14
Edge beam
EB SS 11 12 M
EB SS 5 T
Hanger
HG NS 19 SM
HSNS 17 SM
Post
PT SS 31
Arch rib
Arch rib
Arch rib
Arch rib
Trestle
Trestle

Insitu Standard
Cube Strength
(N/mm^)

Concrete
Density
(kg/m3)

Concrete
pH

Water
Absorption (%)

-

-

12.6

-

31.0
37.5

2170
2290

12.6

4.6

-

-

28.2
59.7

2225
2165

12.3

-

-

-

26.7
70.1

2150
2280

12.6

-

-

-

39.5

2330

12.6

-

32.4
42.1

2205
2280

12.4

-

-

-

-

-

12.5

-

35.4

2190

-

-
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4.4

4.4.1

DISCUSSION OF SITE OBSERVATIONS AND PRELIMINARY TEST
RESULTS
Carbonation

Carbonation test results examined from the 1989 and 2002 papers indicated carbonation
depths of 1 mm [7], [13]. The low carbonation depth is expected in an exposed rural/marine
environment and was not examined further in this research.

4.4.2 Concrete pH

The concrete pH was generally stable with values in excess of pH 12 recorded. These
results further confirm that carbonation was unlikely to be a factor in the deterioration of the
bridge.

4.4.3 Reinforcement

The results of tensile tests of reinforcement samples are given in Appendix C. The ultimate
tensile strengths ranged from 385 to 516 N/mm^ as shown in Table 4.6. The standards at
the time required an ultimate strength of 60,000 pounds per square inch (415 N/mm^) [16],
[17]. 58% of the samples satisfied this criteria, which may be an indication of issues with
steel quality at the time of construction. It is notable that the heavier reinforcement plate
sections and the 32 mm diameter reinforcement had a higher failure rate than the lighter 12
mm diameter reinforcement. All samples tested satisfied the elongation requirement of 27%
or greater.

Table 4.6 - Tensile strength of reinforcement

Plate
Reinforc
ement

Sample
Sample
Sample
Sample

1
2
3
4

S -3
4^ 4->
Ultimate .2
(0 g
Tensile o> 5
Strength
(N/mm2)
402
422
385
418

33
36
40
37

32 mm
Diameter
Plain
Reinforc
ement

Sample
Sample
Sample
Sample

1
2
3
4

Ultimate
Tensile
Strength
(N/mm^)

.2 3
(0 g
O) J?

407
421
393
410

36
36
34
28

l-t

m 0)

12 mm
Diameter
Plain
Reinforc
ement

Ultimate
Tensile
Strength
(N/mm2)

Sample 1
Sample 2
Sample 3
Sample 4

488
487
484
516

S
.2
4->

-3

o> 2
5

l-t

UJ o

29
32
31
23
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4.4.4

Concrete Density

Results of the concrete density tests gave values ranging from 2,150 to 2,425 kg/m^ with an
average value of 2,228 kg/m^. These result are within the limits (2,000 to 2,600 kg/m^) for
normal-weight concrete to IS EN 206-1 [43].

4.4.5

Concrete Compressive Strength

Table 4.7 combines the insitu standard cube strengths from this study with those from the
1989 and 2002 test results.

Schmidt Hammer readings from 2002 were ignored as this

method is used to give an indication of the consistency of concrete strength and not the
actual compressive strength values.

Table 4.7 - Insitu standard cube strength

Test
Date

2011
2011
2002
2002
2011
2011
2011
2011

Bridge Member

Slab
SB M 25
SB M13 14
Deck slab location of
Core Cl
Deck slab location of
Core C2
Edge beam
EB SS 11 12 M
EB SS 5 T
Hanger
HG NS 19SM
HSNS17SM (with
concrete repair)

Insitu
Standard
Cube
Strength
(N/mm2)

Test
Date

Bridge Member

Insitu
Standard
Cube
Strength
(N/mm2)

31.0
37.5

2011

Post
PT SS 31
Arch rib

26.0

2011

Arch rib

32.4

29.0

2011

Arch rib

42.1

28.2
59.7

1989
1989
1989

70.3
46.4
72.9

26.7

2011

Arch rib
Arch rib
Arch rib
T restle
T restle

39.5

35.4

70.1

The insitu standard cube strength results varied from 26.0 to 72.9 N/mm^. It is noted that a
number of concrete repairs had been carried out on the bridge.

It is thought that the

concrete repair products may account for the concrete compressive strength values of 59.7
and 70.1 N/mm^ recorded in the edge beam and hanger members. These values are treated
as not consistent with the concrete in the bridge.
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standard BD 44/95 states that concrete strengths based on worst credible strengths derived
from cores should be applied to assessment models [61]. The lowest concrete strengths for
each bridge member with its structural action are shown in Table 4.8. The insitu standard
cube strength are generally lower in flexural members than in compressive members.

Table 4.8 - Lowest compressive strength and structural action on bridge members
Bridge Member
Slab
Hanger
Edge beam
Arch rib
T restle

Structural Action on
Member
Flexural
Flexural
Flexural
Compression
Compression

Lowest Insitu Standard
Cube Strength (N/mm^)
26.0
26.7
28.2
32.4
35.4

The insitu standard cube strengths were significantly higher than the original specified 28
day strengths of 2000 pounds per square inch (13.7 N/mm^) [6]. In calculating projected
concrete strengths (for modern CEM I (Portland cement)) to IS EN 1992-1:2004 [62], a 28
day compressive strength of 13.7 N/mm^ increases to 40.3 N/mm^ over a period of 100
years. This projected strength compares to some degree with increases to 32.4 and 35.4
N/mm2 for compression members in Table 4.8.

4.4.6

Concrete Deterioration

The bridge deck was a flexural member and would have experienced cyclical deflections due
to live loads and temperature effects. These actions may have caused the delamination that
was observed between the granolithic surfacing layer and the reinforced concrete deck.

The poor bond observed in the arch ribs and edge beams is attributed to the limited gauge
dimensions of the corrugated dovetail sheeting, which did not permit the 20 mm aggregate
and cement paste to fully bond between the corrugations.

The concrete spalling on the edge beam is thought to be accounted for by poorly compacted
concrete leaving reinforcement susceptible to chloride attack. The edge beam member was
further weakened due to poor bond between the dovetail sheeting and the concrete. This
deterioration mechanism is illustrated in Figure 4.31.
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32mm0 PLAIN
REBAR
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CORRUGATED
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(Shear Links)
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INGRESS CAUSING
REINFORCEMENT
CORROSION
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COMPACTED
CONCRETE
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service life
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SHEETS

0
VOIDS

1mm

Section A-A

Figure 4.31 - Deterioration mechanism for the edge beam member

It is worth noting that technical papers on the use of modern corrugated dove tail sheeting
systems such as Lewis® or Duofor® recommend using fine gravel concrete or a liquid
screed to ensure good bond, which was not the case here [63], [64].
Previous studies attributed the deterioration of the bridge to chloride attack [7], [30], [31].
Considering the site observations and the preliminary test results along with information
obtained the literature, a focused study of chloride attack as the deterioration mechanism of
the concrete in the bridge was undertaken.

88

5.

CHLORIDE DETERIORATION OF THE CONCRETE

The site observations, preliminary test results and previous studies point to chloride ingress
and subsequent chloride attack on reinforcement as the cause of deterioration on the bridge.

The results from initial chloride testing indicated high chloride levels and unusual uniform
chloride profiles in the concrete. This warranted further investigation and additional concrete
testing was carried out.

5.1

INITIAL CHLORIDE TESTING

Initial chloride tests were carried out on concrete dust samples extracted at incremental
depths of 25 mm from concrete drilled from the demolished bridge. These samples were
tested for the presence of chlorides. Test results are given in Appendix C and summarised
in Table 5.1. In the absence of a known cement content, a 14% cement content by weight of
concrete was selected to establish test results as suggested in Building Research
Establishment Information Paper 21/86 [64]. This 14% value is based on an assumed
cement:aggregate ratio of 1:6.
Table 5.1 - Initial chloride test results
Element

% Chlorid e*
25
50
75
mm
mm
mm

Element

Hanger
Handrail
HR SS 17 18 SB
3.85 3.87 3.83 HG NS 19 SM
HR NS 15 16 ST
3.92 3.93 3.91
Post
PT SS 31
Slab
SB M25
3.85 3.85 3.85 Arch rib
SB M13 14
3.37 3.27 2.99 Arch rib
Arch rib
Edge beam
EB SS 11 12 M
2.05 2.33 2.10 Trestle
EB SS 5 T
3.70 3.85 3.85 Trestle
'Chloride content by weight of cement (assumed 14% cement content)

% Chlorid e*
25
50
75
mm
mm
mm

2.35

1.98

1.87

2.48

2.48

2.48

1.80
3.17

3.90
3.42

3.90

3.90

-

-

-
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5.1.1

Analysis of Initial Chloride Testing

Analysis of initial chloride test results shows a uniform chloride profile in all of the concrete
samples (Figure 5.1). This profile does not follow typical chloride ion transport behaviour
theory (Figure 5.2).

The recorded chloride levels are high with an average of 3.2%

(assuming a cement content of 14%). This chloride profile warranted further investigation
and testing.
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Figure 5.1 - Initial chloride testing, chloride profile

Figure 5.2 - Typical chloride profile [37]
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5.2

FINAL CHLORIDE TESTING

Final chloride testing was carried out to identify possible causes for the uniform chloride
profile, which was considered to be the result of one of the following mechanisms:

1

The use of admixtures such as calcium chloride in the concrete mix;

2

Leaching/dispersion of chlorides in reinforced concrete members after the bitumen
membrane was applied in 1972;

3

The use of chloride contaminated beach sand or sea water in the concrete mix;

4

ingress of chlorides from the marine environment over time.

The beneficial effects of calcium chloride admixtures had been known since 1885 when W.
Millar and C.F. Nichols obtained an English patent covering its use to accelerate the setting
and hardening of cements [66]. However it is only since the 1920’s that the use of calcium
chloride in concrete has been the subject of studies, investigations and reports [67].
Therefore, Mechanism 1 is ruled out as the use of admixtures in concrete is a relatively
modern concrete practice and is unlikely to have been used in 1909.

To investigate

Mechanisms 2, 3 and 4, three tests were carried out.
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5.2.1

Test Series 1 - Analysis of Concrete Dust Samples from Brow Head Quarry

Brow Head Quarry was established by Rowe brothers in the 1920’s, at Castlemehigan near
Crookhaven (Figure 5.3).

The quarry is located 6 km from the Mizen Bridge site.

The

quarried sandstone aggregates were used in road construction in Wales and possibly in the
Netherlands. The quarry used an under-road tunnel to transport the graded aggregates to
the quay at Castlemehigan. The quarry was closed in 1939, following the outbreak of World
War II [10], [68], [69], [70].

Concrete from the reinforced concrete hoppers, which were constructed in 1927 was
selected for this study. The reasons Brow Head Quarry was selected as part of the study
are:-

1.

It is located near the bridge (6 km);

2.

It is of similar age as the reinforced concrete hoppers were constructed in 1927 only
18 years after the Mizen Bridge;

3.

It may have contained locally sourced aggregates in the concrete mix similar to those
used on the Mizen Bridge.

The quarry site is not as exposed as the bridge site, fronting a sheltered sea inlet. However,
the concrete is exposed to chlorides from sea mists and seawater spray. The reinforced
concrete hoppers show advanced signs of corrosion at road level.

It is not known what

concrete mix was used in the design and an assumed cement content of 14% by weight of
concrete (assuming a cement to aggregate ratio of 1:6) was used in the analysis [65]. The
concrete had been exposed for a period of 85 years from 1927 to 2012. In contrast it is
assumed that the concrete in the Mizen Bridge was exposed for a period of 63 years from
1909 to 1972 as after 1972 the protective membrane would have restricted chloride ingress
into the concrete.

Dust samples were extracted from exposed concrete at two locations at road level where
corrosion was most prevalent. The measured chloride profiles are contained in Appendix C
and are summarised in Figure 5.4.
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Figure 5.3 - Brow Head Quarry, 2012

Brow Head Quarry Chloride Profile
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Figure 5.4 - Brow Head Quarry chloride profiles

7.7

Ana7ysis of Test Series 7 Resuits

The chloride profiles are typical of what would be expected. Sample 1 shows a gradual
decrease in chloride content from the surface indicating that chloride ingress has occurred at
the surface with an average of 1.26% chloride. The slope of the graph is similar to a typical
chloride profile (Figure 5.2).

Sample 2 is uniform with low chloride values having an average of 0.18% chloride. This may
indicate that these values are the background chloride content contained in the original
concrete. This suggests that the Mizen Bridge concrete was different in some way that
affected the observed chloride profile.
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5.2.2

Test Series 2 - Analysis of Concrete Dust Samples from Exposed Concrete on
the Mizen Bridge Foundation

There is no evidence that the mass concrete foundation on the Mizen Bridge received the
1972 protective coating. As a result, the foundations were exposed for a period of 103 years
from 1909 to 2012. Chloride dust profiles were extracted from the horizontal surface of the
west foundation at two locations. A third sample was taken from the surface in an attempt to
ascertain the chloride level on the surface of the concrete. The design mix for the bridge
foundation was 1:2:4 (by volume) cement : sand ; stone. An assumed cement content of
14% (based on a cement to aggregate ratio of 1:6) by weight of concrete was used in the
analysis [65]. The chloride level on the surface of the concrete was recorded as 4.27%
chloride by weight of cement. The chloride profiles (for a 14% cement content) by weight of
cement are shown in Figures 5.5 and 5.6.
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Figure 5.5 - Chloride profile, Sample 1, Mizen Bridge foundation
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Figure 5.6 - Chloride profile, Sample 2, Mizen Bridge foundation
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5.2.2. /

Ana/ysis of Test Series 2 Resuits

Similar to the reinforced concrete bridge members, the chloride profiles in the foundation are
uniform with depth. The chloride profile for Sample 1 shows a decrease in chlorides close to
the external surface. This may be attributed to chloride leaching. Again the high chloride
levels are comparable with those that were found in the reinforced concrete bridge members
with an average of 2.31% and 1.95% chloride content for Samples 1 and 2 respectively. It is
also noted that the average chloride levels were much higher than those recorded at Brow
Head Quarry.

5.2.3

Test Series 3 - Re-creation of Mizen Bridge 1908 Concrete Mix

The objective of Test Series 3 was an attempt to re-create the 1908 concrete mix to
ascertain whether chloride contaminated constituents might have been used in the concrete
mix. The aim was to explain the abnormal chloride profiles recorded. Test Series 3 involved
careful selection of mix constituents and the production of a number of trial mixes.

5.2.3. i

Cement

A number of concrete trial mixes was produced for comparison with the concrete used in the
bridge.

The mix design for Trial Mix No.1 was derived by using a ratio 1:1.5:3

(cement:sand:aggregate). CEM I (Portland cement) to EN 197-1 was selected as it contains
only 5% of minor additional constituents [26].

As discussed in Section 1.5.1.7, the

composition of 1907 Portland cement is different to modern CEM I (Portland cement), which
is a finer powder than the cement produced in 1907. The increased fineness results in a
faster rate of hydration and lower values of loose densities.

Trial Mix No. 1

In keeping with practice at the time, the mix preparation involved determining the percentage
voids in the coarse aggregates though filling a bucket of aggregates with a measured
amount of water. Charts were available at the time to determine the proportions of concrete
constituents (Figure 5.7).

Locally sourced Old Red Sandstone coarse aggregate and

washed sand from Barleycove Beach were used in Trial Mix No.1. The initial mix design for
Trial Mix No. 1 is presented in Appendix D.
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Figure 5.7 - 1905 Concrete mix design chart [15]

The concrete protduced from Trial Mix No. 1 was very dry and was more akin to modern “dry
mix” concrete (Figure 5.8).

The mix was unlikely to have been suitable for work on the

bridge.

A 's-

Figure 5.8 - Trial Mix No. 1, 2012
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The density of cement in 1908 was assumed as 100 pounds per cubic foot (1,604 kg/m^)
[14], [15].

Modern cement has a settled density of 1,375 kg/m^.

Therefore, the

measurement of modern cement using 1908 volumes resulted in insufficient quantities of
cement and water being used.

In order to account for the use of modern cement, it was decided that the concrete
constituents should be measured by weight rather than volume.

5.2.3.2

Aggregates

In the early days of reinforced concrete there was an understanding of the importance of the
selection of suitable aggregates for use in concrete.
For the purpose of Test Series 3, possible sources of the aggregate used in the Mizen
Bridge were examined and are summarised in Table 5.2.
Table 5.2 - Sources for aggregate
Reference
Original Specification [21].

Description
A local rock “of a somewhat slaty nature” would be supplied.

De Courcy [10].

Query whether the aggregate used came from Brow Head
Quarry sandstone.

University College Dublin
1989 [20].

Examination of the cores revealed that the local stone - a
mixture of impure fine and coarse sandstone - was used for
the coarse aggregate. However, the sand in the matrix
appeared to contain some particles of quartz and feldspar
and may have come from some other source.

M. C. O’Sullivan and
Company Ltd, Engineers,
2005 [31], [32].

The results of petrographic testing indicated coarse
aggregate from a number of sources and that the fine
aggregate was similar to sand found in nearby Barleycove
Beach.
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5.2.3.3

F/ne Aggregates

It is worth recalling that Section 1.5.1.5 noted that untreated sea sand may have been used
as part of the concrete constituents.

Petrographic testing identified fragments of shells,

which proved similar to the type of shells found in nearby Barleycove Beach (Figure 5.9)
[32]. Therefore, it was decided to select Barleycove Beach sand as the fine aggregate for
Test Series 3. The sand was extracted from the upper section of the beach, which is not
subjected to wetting at high tides or from waves. Density tests to IS EN 1097-6:2000 [71]
and grading analysis to BS 1377-2:1990 [72] were carried out on the sand. The results from
this testing are contained in Appendix D.

An additional sand sample was prepared by washing it in potable water to reduce chloride
content. The sand was mixed with potable water and agitated until suspended. The sand
was then allowed to settle before the water was siphoned off. This process was repeated
twice. The wet sand was then dried to room temperature.

Figure 5.9 - Barleycove Beach, source of fine aggregate

5.2.34

Coarse Aggregates

The literature predominantly indicated that locally sourced broken rock/stone may have been
used in the bridge (Table 5.2). An examination of geological maps of west Cork, prepared
by the Geological Survey of Ireland, indicates that Old Red Sandstone is common in the
Mizen peninsula and surrounds (see Appendix E) [74].

Old Red Sandstone rock was extracted from Brow Head Ouarry. The rock was broken by
hand and subsequently, density tests to IS EN 1097-6:2000 [71] and grading analysis to BS
1377-2:1990 [72] were undertaken. The results are presented in Appendix C.
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As with Trial Mix No. 1, Trial Mix No. 2 was prepared using CEM I (Portland cement),
Barleycove Beach sand, and Brow Head Quarry aggregates. A cut section of a concrete
cube, from Trial Mix No. 2, was then compared with samples from the Mizen Bridge (Figures
5.10 and 5.11).

Figure 5.10 - Visual comparison of a cut
cube from Trial Mix No. 2 with actual
concrete in post member, 2012

Figure 5.11 - Visual comparison of a cut
cube from Trial Mix No. 2 with actual
concrete in handrail member, 2012

It can be seen from a comparison of concrete sections, that locally sourced Old Red
Sandstone was not used in the concrete mix for the reinforced concrete.

There is a

difference in colour of the two aggregates. The Old Red Sandstone is light brown and the
Mizen aggregate is blue/green in colour.

This observation may confirm the conclusion

drawn from the petrographic analysis that aggregates used in the Mizen Bridge were derived
from a number of sources.

The literature at the time stressed the importance of using good quality aggregates for
reinforced concrete works. It is speculated that the Old Red Sandstone was used for the
mass concrete foundation and the mass concrete abutment wall where a different concrete
mix had been specified. As these elements were not demolished and were incorporated into
the permanent works of the new bridge it was not possible to extract samples for testing or
analysis.

An examination of Ordnance Survey of Ireland maps and geological reports gave insight into
possible alternative local sources for coarse aggregate [73], [74]. Local quarries and mines
that were either abandoned or in operation around the time of construction were identified.
These sites indicated sources of quartz and slate as shown in Figure 5.12.
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Figure 5.12 - Possible sources of local aggregates [1]

Slate is a particularly poor material for use as aggregate for concrete and its use in the
concrete is precluded. Local quartz from the 19th century copper mine is a white stone and
was not observed in the cut sections of the bridge. From this evidence it is speculated that
imported coarse aggregates from an unknown source were delivered by boat to the bridge
site for use in the reinforced concrete work.
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An acid test on the Mizen aggregates indicated that the light biue/green aggregate is
soluble. At this stage limestone aggregate supplied by Roadstone Wood was selected and
used in the final concrete mix. The use of limestone aggregate would not adversely affect
the chloride levels of concrete mixes prepared for Test Series 3.

The limestone aggregate was prepared by crushing to size, washing and carrying out
density tests to IS EN 1097-6:2000 [71] and grading analysis to BS 1377-2:1990 [72]. The
results are given in Appendix C.

The final mix design for Test Series 3 is given in Appendix C. Thirty cubes were made, air
cured and tested as indicated in Table 5.3:Table 5.3 - Test Series 3, concrete cubes, tests and constituents
Batch
No.

1

Cube
Reference
1A, IB,
1C, ID
IE, IF

2

2A, 2B,
2C, 2D
2E, 2F

3

3A, 3B,
3C, 3D
3E, 3F

4

4A, 4B,
4C, 4D
4E, 4F

5

5A, 5B,
5C, 5D
5E, 5F

Tests Carried
Out
Compressive
strength and
density
% Chloride
content
Compressive
strength and
density
% Chloride
content
Compressive
strength and
density
% Chloride
content
Compressive
strength and
density
% Chloride
content
Compressive
strength and
density
% Chloride
content

Sources of Concrete Constituents
Coarse
Fine
Cement
Water
Aggregate Aggregate
(variable)
(constant)
(variable) (constant)

Sea water

Unwashed
Barleycove
sand

Limestone
aggregate

CEM 1

Sea water

Washed
Barleycove
sand

Limestone
aggregate

CEM 1

Potable
water

Unwashed
Barleycove
sand

Limestone
aggregate

CEM 1

Potable
water

Washed
Barleycove
sand

Limestone
aggregate

CEM 1

Potable
water

Plastering
sand

Limestone
aggregate

CEM 1
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5.2.3.5

Ana/ysis of Test Series 3 Resuits

Results of Test Series 3 results are summarised in Table 5.4 and full results are in Appendix
C. The following observations are made:-

A

The use of seawater and chloride contaminated Barleycove Beach sand (Batches 1
and 2) influenced the chloride content (1.18%, 1.60%, 1.26% and 1.31%).

B

The higher chloride contents had the effect of giving lower slumps with slumps of 55
mm and 65 mm recorded for Batches 1 and 2 respectively and slumps in excess of
100 mm recorded for remaining batches.

C

The mix containing potable water and chloride contaminated Barleycove Beach sand
is below the chloride limit of 0.4% for concrete use with steel to IS EN 206-1 (Figure
2.4) [43].

D

The chloride contaminated concrete (Batches 1 and 2) had higher 28 day strengths of
28.4 N/mm2 and 31.6 N/mm^ respectively compared with the highest value of 23.6
N/mm2 for the remaining batches.

With reference to A, B and C, calcium chloride, sodium chloride and barium chloride have all
been used with concrete as accelerating admixtures [25]. With references to Tables 5.3 and
5.4 it is noted that the high chloride levels in Batches 1 and 2 may have accelerated the set
of the concrete, resulting in lower slumps and higher compressive strengths at 28 days.
Table 5.4 - Test Series 3, summary of results

Batch
No.’

Concrete
Slump

Concrete cube
Compressive Strength
(N/mm^) at 28 Days. Cube
Reference A, B, C & D

Concrete Density
(kg/m3)
Cube Reference
A,B, C & D

27.6, 28.4, 28.6, 28.9
2290, 2290, 2320, 2340
(Average 28.4)
(Average 2310)
29.9,31.8, 32.2 & 32.4
2320, 2330, 2330, 2340
2
65 mm
(Average 2330)
(Average 31.6)
22.1,22.3, 23.6 & 23.8
2290, 2320, 2330, 2340
100 mm
3
(Average 22.9)
(Average 2320)
22.6, 22.7, 23.6 & 23.9
2290, 2320, 2330 2350
4
125 mm
(Average 23.2)
(Average 2322)
19.6, 22.7, 22.8 & 25.1
2370, 2380, 2390, 2390
5
130 mm
(Average 22.55)
(Average 2382)
’ Concrete constituents used in Batches 1 to 5 are shown in Table 5.3
2 Chloride content by weight of cement (18.2% cement content)
1

55 mm

% Chloride
Content*
Cube
Reference
E&F2
1.18& 1.6
1.26 & 1.31
0.12&0.17
0.01 & 0.02
0.01 & 0.02
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5.3

DISCUSSION

The mix design and for Test Series 3 is contained in Appendix D. In creating Test Series 3,
an accurate assessment of the cement content by weight of concrete can be deduced as
follows:Weight of cement (g)
Weight of concrete constituents (g)

3309 x 100%
3309+4264+8584+1985

= 18.2% cement content by weight of concrete

It is then possible to re-calibrate chloride data from the previous studies of 1989 and 2002
where assumed cement contents of 20% and 14% respectively were used.

Recalibrated

chloride levels for the chloride testing are presented in Table 5.5. For reference, recalibrated
chloride levels for the previous studies are presented in Table 5.6.
Table 5.5 - 2011 chloride testing, recalibrated chloride levels
Bridge Member

% Chloride content*
50 mm
75 mm
25 mm
depth
depth
depth

Handrails
2.88
HR SS 17 18 SB
2.94
HR NS 15 16 ST
Slabs
2.88
SBI\/I25
2.52
SB M13 14
Edge beams
1.53
EB SS 11 12 M
2.77
EB SS 5 T
Hangers
1.76
HG NS 19 SM
HS NS17SM
Post
1.86
PT SS 31
Arch ribs
1.35
Arch rib
2.37
Arch rib
T restle
2.92
Trestle
* Chloride content by weight of cement (18.2% cement content)
-

2.90
2.94

2.87
2.93

2.88
2.45

2.88
2.24

1.74
2.88

1.57
2.88

1.48

1.40

-

-

1.86

1.86

2.92
2.56
2.92

-

-
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Table 5.5 ~ Recalibrated chloride levels of previous studies
Year of
Study

Bridge Member

Unknown member, minimum value
Unknown member, maximum value
Unknown member, average value.
Unknown member, isolated hiah value.
Slab
2002
Deck soffit
2002
Deck soffit
Edge beam
2002
North edge beam
2002
South edge beam
Post
Parapet post 28
2002
Arch rib
2002
South rib
2002
South rib
North rib
2002
North rib
2002
Trestle
2002
West trestle 1 - south upright
2002
East trestle 1 - north upright
* Chloride content by weight of cement (18.2% cement content)
1989
1989
1989
1989

% Chloride content*
Unknown
50 mm
Depth
Depth
1.21
2.21
1.65
4.96
2.70
1.53
1.74
1.44
2.00
3.04
1.90
2.2
1.99
1.92
1.99

The recalibrated chloride levels give average values of 1.65%, 2.04% and 2.40% for the
studies carried out in 1989, 2002 and 2011 respectively. A comparison of these values with
those in Table 5.4 indicates that seawater and possibly chloride contaminated aggregates
may have been used in the original bridge. It may also be possible that a higher water to
cement ratio than that used in Test Series 3 may have been used in 1908 in order to
increase the concrete slump to achieve a more workable concrete. Test Series 3 does not
account for chlorides present in the coarse aggregates. The use of seawater and marine
sand in the mix would account for the high levels of chloride in the concrete and also the
uniform chloride profile.

This is further supported up by Test Series 2 results and the

observation of a white product in the concrete breakout (Figure 5.14).
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It is worth noting that in examining the chloride profiles for Brow Head Quarry, the average
background chloride for Sample 2 was 0.18%. This compares well with the readings of
0.12% and 0.17% for Test Series 3, Batch 3 (refer to Figure 5.4 and Table 5.4).

This

similarity suggests that chloride contaminated sea sand may have been used in the Brow
Head Quarry concrete mix.

5.3.1

Modelling of Chloride Ingress

Traditional chloride ingress models are not applicable in the case of the Mizen Bridge. The
high chloride levels and uniform chloride profile are possibly accounted for by the use of
chloride contaminated constituents such as seawater and untreated marine aggregates.
Although some of the background chloride would have been taken up in the binder, a
significant amount of free chlorides would have remained inside the concrete.
In such circumstances the free chlorides contained in the fresh concrete would have brought
on the onset of reinforcement corrosion. The presence of high levels of free chlorides in the
concrete mix had the effect of reducing the initiation period. This would have reduced the
life considerably. In this context, it is noted that there are reports of concrete repair being
undertaken in the late 1930’s.

It is also worth noting that the high levels of free chloride may have leached out at the
concrete surface and may be the reason for the reduction of chloride levels observed near
the concrete surface in Figure 3.4(b) and Figure 5.6.
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6.

CONCLUSIONS AND RECOMMENDATIONS

The Mizen Bridge was an example of early reinforced concrete.

At the time of its

construction the first design codes were being drafted. The demolition of the bridge offered
a valuable opportunity to examine the performance of the bridge

6.1

CONCLUSIONS

The research has investigated the design, construction, service life and maintenance of the
bridge. The aim and objectives of this research thesis, as outlined in chapter 1 have been
achieved.
The chloride profiles in the bridge showed a uniform dispersion of chloride content, which did
not vary with depth as expected using normal chloride modelling techniques. Testing has
indicated that seawater and possibly chloride contaminated aggregates may have been used
in the concrete mix. The use of seawater in the mix can account for the abnormal chloride
profile and high chloride levels measured in the concrete. Chloride ingress models are not
considered applicable where high levels of chloride have been cast into the concrete.
The bridge showed signs of deterioration within 30 years of construction. The repairs carried
out in 1972 seem to have been an attempt to seal the concrete from the external
environment. Although the structure was effectively sealed from the external environment
and further chloride ingress for a period of 37 years, it did not stop the process of chloride
attack. Under these conditions it is speculated that prior to 1972, chloride attack was at an
advanced stage of propagation. The application of the protective membrane probably acted
as a catalyst for the initiation of anaerobic corrosion in the presence of the chlorides.

Limited literature is available on the subject of anaerobic corrosion of the reinforcement in
reinforced concrete.

In recent years, some cases of anaerobic corrosion in reinforced

concrete structures have been reported.

The obvious danger of anaerobic corrosion in

reinforced concrete is that there may be little or no sign of corrosion on the surface. This
means that its presence can go undetected, eventually leading to structural failure.
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The Mizen Bridge is considered a success story for reinforced concrete. The construction of
the bridge was undertaken at a time when there was limited knowledge of the properties of
concrete for structural use. Systems similar to the early concrete systems used to construct
the bridge are still being used today. The bridge survived over 100 years in a harsh marine
environment despite its life being shortened by the addition of excessive chlorides in the
concrete mix, subsequent chloride attack and the presence of anaerobic corrosion.

6.2

RECOMMENDATIONS

An additional insight on the concrete used in the bridge may be obtained from further
research incorporating accelerated ponding and migration tests, and permeability and
absorption tests.
In the case of anaerobic corrosion of reinforcement, inspection standards and guidelines
should be developed to include a summary of the conditions where anaerobic corrosion may
exist. Further research into the formation of black rust is warranted so that methods for its
detection, identification and treatment may be developed.
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Photographs of extracted samples

Figure 1 - Cross head member CH.17.T

Figure 2 - Slab member SB.M.2

Figure 3 - Slab member SB.M.25

Figure 4 - Slab member SB.M.29

Figure 5 - Slab member SB.M.13-14

Figure 6 - Slab member SB.M.10-11

Figure 7 - Slab member SB.I\/I.22

Figure 8 - Edge beam member EB.NS.31.T
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Figure 10 - Edge beam member EB.SS.29.T

Figure 13 - Edge beam EB.NS.22-23.B

Figure 14 - Handrail HR.SS.18-19.S.T

Figure 15 - Handrail HR.NS.3-4.S.B

Figure 16 - Handrail HR.NS.14-15.S.B

Figure 17-Handrail HR.SS.20-21 .S.T

Figure 18 - Handrail HR.NS.19-20.S.T

Figure 19 - Handrail HR.SS.13-14.S.B

Figure 20 - Handrail HR.NS.13-14.ST

Figure 21 - Handrail HR.NS.15-16.S.T

Figure 22 - Handrail HR.SS.16-17.S.T

Figure 23 - Handrail HR.SS.17-18.S.B

Figure 24 - Handrail HR.NS.16-17.S.B

Figure 25 - Handrail HR.NS.29-30.ST

Figure 26 - Handrail HR.SS.2-3.S.T

Figure 27 - Handrail HR.SS.6-7.S.B

Figure 28 - Handrail HR.SS.30-31 .S.B

Figure 29 - Hanger HG.SS.17.S.M

Figure 30 - Hanger HG.NS.17.S.M

Figure 31 - Hanger HG.SS.13.S.M

Figure 32 - Hanger HG.NS.14.S.M

Figure 33 - Hanger HG.NS.21 .S.M

Figure 34 - Hanger HG.NS.19.S.M

Figure 35 -Post PT.NS.30

Figure 36 - Post PT.SS.31
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Figure 37 - Reinforcement samples
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Figure 38 - Plate reinforcement samples
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APPENDIX D1
Concrete Mix Design

Concrete Mix Design
Ingredient

Cement
(CEM 1)
Fine
Aggregate

Fine
Aggregate

Fine
Aggregate
Coarse
Aggregate

Coarse
Aggregate
Water /
Cement
Ratio
Water
Saltwater

Description

Trial Mix
No. 1
Weights
(kg) per
m^ of
Concrete
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Trial
Mix
No.
2
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sand from
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Unwashed
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beach
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1985

1985
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Aggregate Grading Testing
Sieve Analysis
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Size
(mm)
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10
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5
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0.6
0.3
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0.15
0.063
Passing
0.063

Sandstone
from Brow
Head
Quarry

Weight of material (g) retained on sieves
Fine Aggregate
Coarse Aggregate
Sandstone
Limestone
Barleycove
Barleycove
Industrial
Unwashed
Washed
from Brow
Sand
Sand
Sand
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Quarry
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APPENDIX D3
Aggregate Density Testing

Aggregate Density Testing
Barleycove beach
sand Fine Aggregate

Brow Head
Sandstone Coarse
Aggregate

Limestone
Coarse Aggregate

Pycnometer Empty

527g

527g

527g

Pycnometer + Water
(M3)

1573g

1573g

1620g

Pyncometer +
Aggregate + Water
(M2)

2029g

2037g

2317g

Saturated urface Dry
Aggregate +
Pyncometer (M1)

1253g

1280g

1221g

Oven Dry aggregate
+ Pyncometer

1251g

1267g

1217g

Saturated Surface
Dry Density (kg/m^)

2605.5 kg/m3

2706.4 kg/m3

Oven Dry Density
(kg/m3)

2560.0 kg/m3

2697.4 kg/m3
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